Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

TECHNISCHE
UNIVERSITAT
WIEN

DIPLOMARBEIT

Investigation of the Effect of Complex Raw Materials using

Metabolic Flux Balancing
- A Case Study on Penicillin Fermentation

ausgefithrt zum Zwecke der Erlangung des akademischen Grades
eines Master of Science unter der Leitung von

Prof. Dr. techn. Dipl.-Ing. Christoph HERWIG
betreut durch
Mag. pharm. Dr. Alexandra HOFER
E166 Institut fiir Verfahrenstechnik, Umwelttechnik und Technische Biowissenschaften

eingereicht an der Technischen Universitdt Wien
Fakultét fiir Technische Chemie

von

Stefan F. HAUER, BSc
Matrikelnummer 1125214

Ich erklére eidesstattlich, dass ich die Arbeit selbstindig angefertigt habe. Es wurden keine anderen als
die angegebenen Hilfsmittel benutzt. Die aus fremden Quellen direkt oder indirekt iibernommenen
Formulierungen und Gedanken sind als solche kenntlich gemacht. Diese schriftliche Arbeit wurde noch
an keiner Stelle vorgelegt.

Wien, am eigenhdndige Unterschrift Unterschrift der Betreuerin


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Stanley “Fox Stevenson” Byrne

With extra time I'd like to think I would’ve

done this better.

“ayloljqig usipn NL e ud ul s|ge[rene si sisayl SIUl JO UOISIaA feulBblio pasoidde ay L < any a8pajmoud JnoA
“JreqbBnyan yauloljqig usipn N1 Jep ue isi liagrewoldiq Jasalp uoisiareulblLO aponipab ausiqoidde aig v_@_-_u.o__ﬂ__m


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Danksagung

dass diese Arbeit nach intensiver Arbeit und manchmal noch intensiveren (langjahrigen) Pausen
zu Stande gekommen ist.

Ein grofler Dank geht an meine Eltern, die mich immer unterstiitzt, aber nie gedrangt haben, und mir die
Moglichkeit gegeben haben in Ruhe und meinem eigenen Tempo das Studium abzuschliefSen.

Ohne den Einsatz von Oliver Spadiut im Biochemielabor im Bachelorstudium hétte es mich vielleicht
doch in eine ganz andere Richtung hin verschlagen, und ich hitte nie das Gliick gehabt von Daniela Ehgart-
ner in meinem Bachelorpraktikum betreut zu werden. In ihr habe ich eine geduldige Betreuerin gefunden,
an die ich mich sowohl am frithen Morgen, als auch spét in der Nacht immer wenden konnte, bei grofleren
und kleineren Missgeschicken und Unklarheiten.

Professor Christoph Herwig hat mich in seine Forschungsgruppe aufgenommen und mir viele
Moglichkeiten gegeben mich zu entfalten, zu wachsen und zu lernen. Danke fiir den wertvollen Input
den du in verschiedene Jour-Fixes gegeben hast, und dass du dich immer um mich bemdiiht hast.

Ein besonderer Dank geht vor allem an meine “Uni-Eltern” Alexandra Hofer und Paul Kroll, sowie an
Julian Kager, Jens Fricke und Ines Stelzer dafiir, dass ihr immer ein offenes Ohr fiir mich hattet und ich
jederzeit mit grofleren und kleineren Problemen zu euch kommen konnte. Die Arbeit und Diskussionen mit
euch haben mir viel Spaf§ gemacht und vieles fiir mich erhellt, was sonst im Dunklen verborgen geblieben
waére.

Auflerdem mochte ich mich noch bei all den guten Freunden bedanken, die ich im Laufe meines Studi-
ums finden durfte. Ihr habt dafiir gesorgt, dass ich mich an der TU Wien immer wie zuhause gefiihlt habe
und ohne euch wére diese Zeit nur halb so schon gewesen. Ein Studium ohne Afterworkbier mit Tom,
Sophia und Daniel, ohne Beziehungstipps von Donya, ohne Kaffeepausen mit Simona, ohne Program-
mierdonnerstage mit Lukas und Dorian, ohne Grillen mit Anna, Stefan, Christopher und Babsi, und ohne
tiefgriindige (und manchmal auch tiefe) Gespréache mit Leo und Vlad - so ein Studium wére zwar denkbar,
aber auch denkbar unspannend.

Zu guter letzt noch eine Nachricht an meine guten Schulfreunde, die nicht mehr daran geglaubt haben,
dass ich jemals abschlieffen werden: Ich habs euch ja gesagt! (Auch wenn ich es manchmal selbst nicht
mehr gedacht hitte.)

V IELE haben mich in den letzten Jahren auf meinem Weg begleitet und es erst moglich gemacht


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

Zusammenfassung

Schritte in der Entwicklung von Bioprozessen aufgrund ihrer Komplexitit. Das fiihrt oft zu Kom-

promissen in der experimentellen Methodik wie der Verwendung von Schiittelkolben. Diese wer-
den zwar wegen ihrer Einfachheit und der leichten Parallelisierbarkeit verwendet, die Prozessbedingungen
sind aber oft weit entfernt von denen in der industriellen Anwendung. In anderen Fallen fiihrt die Kom-
plexitét des Prozesses zu einer Reduktion der untersuchten Faktoren basierend auf der Einschdtzung von
Experten. Dies kann problematisch sein, wenn dieses Wissen lediglich qualitativ ist oder bestimmte As-
pekte noch vollig unbekannt sind. Weiters werden aus 6konomischen Griinden oft billige Komplexmedien
verwendet, welche aber das Prozessverstindnis erschweren und zu zusitzlicher Varianz {iber Unterschiede
in den Chargen fiihren.

Zwar konnen Fortschritte in der Analytik viele dieser Probleme 16sen, aber bereits jetzt gibt es etablierte
mathematische Methoden, welche den Anwender unterstiitzen kénnen bessere Entscheidungen zu treffen.
In dieser Arbeit wird die metabolische Flussanalyse angewandet, um den Einfluss von komplexen Me-
dien auf Fed-Batch-Fermentationen besser zu verstehen. In diesem spezifischen Fall wurde die Produktion
des antibiotischen Peptids Penicillin durch Penicillium chrysogenum untersucht, in welcher Maisquellwasser
als Nahrstoffzusatz verwendet wird, um viele hilfreiche Substanzen bereit zu stellen, wie zum Beispiel
Aminoséduren. Durch diese Untersuchungen konnte folgendes Wissen etabliert werden:

D IE Optimierung des Ndhrmediums ist oft einer der ersten, aber auch der anspruchsvollsten

* Die Berechnung der Raten wird stark dadurch beeinflusst, ob die Freisetzungskinetik der gebundenen
Aminosduren miteinbezogen wird. In einigen Féllen fiihrt dies sogar zur Verdnderung des Vorze-
ichens. Dadurch dndert sich die Interpretation des physiologischen Zustands der Zelle von Grund
auf.

* Durch die Methode der metabolischen Flussanalyse konnte nicht nur der Effekt von spezifischen
Aminosduren auf Penicillin- und Biomasseproduktion quantifiziert, sondern auch der Mechanismus
dahinter untersucht werden.

Die Vorteile dieses Workflows sind die einfache Anwendung und dessen mechanistische Grundlage.
Auf diese Art und Weise kann qualitatives Expertenwissen tiber den Metabolismus zu einem Model
zusammengefiigt werden, welches Voraussagen und bessere Entscheidungen in der Prozessoptimierung
ermoglicht.
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Abstract

development due to its sheer complexity. This can lead to compromises in the experimental set

up, such as in the use of shake flask experiments. They are used because they are less laborious
and easy to run in parallel, however, the conditions inside the shake flasks are often quite different from the
ones encountered in the process of interest. In other cases the complexity of the process leads to a restriction
of investigated factors based on expert knowledge. This can be problematic if the expert knowledge is
only qualitative or if gaps in knowledge exist. Additionally, due to economic reasons, the use of complex
media is in many cases preferred, which further complicates process understanding and introduces new
uncertainty through lot-to-lot variability.

While advances in analytics and instrumentation might be able to solve many of these problems, cur-
rently accessible and well established modelling methods can already guide and help the user in making
better decisions based on the available data. Within this thesis the use of metabolic flux analysis is explored
as a tool to aid in understanding the role of complex media during a fed-batch process. The specific exam-
ple chosen was production of the antibiotic peptide penicillin by Penicillium chrysogenum, which uses corn
steep liquor as media additive to provide many beneficial substances such as amino acids. Based on these
investigations, the following could be demonstrated:

M EDIA optimization is often one of the first but also the most challenging steps in bioprocess

¢ The uptake rates are drastically influenced by incorporation of release kinetics of bound amino acids
in corn steep liquor, in some cases even changing the sign of the uptake rates. This fundamentally
changes the interpretation of the physiological state of the cell.

* Using metabolic flux analysis, not only the effects of different amino acids on penicillin and biomass
formation could be ranked and quantified, with the mechanistic model the mode of action and reasons
for different effects could be investigated.

The advantages of the proposed workflow are its easy application, and its well-defined mechanistic basis.
In this manner, it can be used for ordering qualitative expert knowledge about metabolism into a model
making predictions on possible limitations and improve decision making.
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Acronyms

ACV «x-aminoadipyl-cysteinyl-valine.
AMC additional media component.

ANN artificial neural network.
BM biomass.

CSL corn steep liquor.

CTR carbon dioxide transfer rate.

DOE design of experiments.

DoR degree of reduction.

HPLC high pressure liquid chromatography.

ICH International Council for Harmonisation.

LP liquid phase.

MCA metabolic control analysis.

MFA metabolic flux analysis.

ODE ordinary differential equations.

OFAT one-factor-at-a-time.

PAT process analytical technologies.
PBP penicillin binding proteins.

PLS partial least squares.

QbD quality by design.

RM raw material.
RNG random numbers generator.

RSM response surface methodology.

SP solid phase.
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List of symbols

Below is an alphabetic list of the symbols used in
this thesis. If possible, the most common units for
each variable are given in brackets, even though in
some cases other units might also be possible.

List of greek letters

A Stoichiometric matrix of substrates S [-]

B Stoichiometric matrix of products P [-]

r Stoichiometric matrix of biomass con-
stituents X prqcro [-]

« Stoichiometric factor of a substrate S [-]

8 Stoichiometric factor of a product P [-]
Vector of errors on measured fluxes
[rol /mol /h)

€ Residual vector

0 Parameter or vector of parameters

0" True parameter or vector of true parameters

0 Estimated parameter or vector of estimated
parameters

K Condition number

1 Specific growth rate [g/g/h]

o True known standard deviation

10} Covariance matrix of the residuals

X2 Chi squared distribution

x> Sum of squared residuals

List of latin letters

BTL

©w R~

Sga.r

T(n)

Tableau of linear combinations of reversible
reactions after the n' iteration

Diagonal matrix of matrix X

Variance-covariance matrix of measured
fluxes v,, [-]

Tableau of linear combinations of irre-
versible reactions after the nh iteration

Stoichiometric matrix of intracellular
metabolites
Stoichiometric matrix of intracellular

metabolites containing only the calculated
fluxes

Stoichiometric matrix of intracellular
metabolites containing only the measured
fluxes

Identity matrix

Basis of the left null-space
Basis of the right null-space
Redundancy matrix
Reduced redundancy matrix
Sensitivity

Absolute-relative sensitivity
Relative sensitivity

Tableau to derive the elementary flux modes
after the n'M iteration
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Acronyms

|4
|4
Vin
Vout
X
Yp/s
&

Ci,in

qi

Ti

Ve

Um

Variance-covariance matrix

Volume [L]

Volume flow into the system [L/h]
Volume flow out of the system [L/h]
Biomass [g]

Yield of product P per substrate S [g/g]
Concentration of substance i [g/L]
Concentration of substance i in Vj,, [¢/L]
Sensitivity

Michaelis-Menten constant [g/L]

Specific uptake or production rate [g/g/h]
Volumetric reaction rate of substance i [g/L]

Vector intracellular fluxes of the stoichiomet-
ric matrix G [mol/mol/h]

Vector of calculated intracellular fluxes of the
stoichiometric matrix G [mol/mol/h]

Vector of measured intracellular fluxes of the
stoichiometric matrix G [mol/mol /h]
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Chapter 1

Introduction

There is much pleasure to be gained from
useless knowledge.

Bertrand Russell

Penicillium chrysogenum and peni-
cillin

several distinct species including P. chryso-

genum sensu stricto, P. rubens, P. flavigenum,
and many others (Houbraken, Frisvad, and Samson
2011; Scott et al. 2004). The exact classification of the
different species within Penicillium can be a very dif-
ficult task, especially due to misclassifications and
reclassifications due to high phenotypic similarities
and many historic synonyms: P. chrysogenum alone
has P. griseoroseum, P. citreoroseum, P. brunneorobrum,
and P. notatum as synonyms, to note only the most
popular. While modern methods make identifica-
tion easier by using molecular and extrolite analy-
sis, still many species in the genus Penicillium await
definitive classification (Houbraken, Frisvad, and
Samson 2011).

Morphologically, the members of Penicillium can
be identified by their hyphal growth, their grey-
green or grey-blue conidiospores, and their distinct
conidiogenous structures (Moss 1987). While P.
chrysogenom was thought to be completely asexual
for over 100 years, the induction of sexual repro-
duction could recently be demonstrated (Bohm et al.

P enicillium chrysogenum sensu lato constitutes

2013). When grown in submerged culture, P. chryso-
genum might be described as pellets or in their fil-
amentous form, and may further vary in branching
rate (Prosser 1995), the length of filaments (Smith,
Lilly, and Fox 1990), pellet size (Nielsen et al. 1995),
and vacuolation (Jiisten et al. 1998). These morpho-
logical parameters can be affected by agitator shear
forces (Smith, Lilly, and Fox 1990; Jiisten et al. 1998;
Nielsen et al. 1995), pH and temperature (Miles and
Trinci 1983), CO2 concentrations (El-Sabbagh, Mc-
Neil, and Harvey 2006; Edwards and Ho 1988), cul-
ture age (Makagiansar et al. 1993), and nutrient de-
pletion (McIntyre, Berry, and McNeil 2000).

Just as all fungi, also the members of the fam-
ily Penicilium produce a wide array of hundreds of
known secondary metabolites, including ketones,
fatty-acid-, shikimate- and amino-acid derivates
(Mantle 1987). The most important and prominent
are of course the beta-lactams including the differ-
ent penicillins and cephalosporins. The penicillins
affect the penicillin binding proteins (PBP) which
play an essential part in cell wall integrity of bac-
teria. They are able to bind due to their structural
similarity to the D-Ala-D-Ala domain of the peptide
moiety of peptidoglycan. The high reactivity of the
beta-lactam ring system due to high strain leads to
the acylation of the PBP and subsequently the thi-
azolidine ring is able to block further enzymes that
would remove the penicilloyl group (Waxman and
Strominger 1983; Bycroft and Shute 1987). The beta-
lactam antibiotics are therefore classified as so-called
“suicide substrates”.

These antibacterial properties of penicillin were
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COMPLEX RAW MATERIALS IN FERMENTATION

CHAPTER 1. INTRODUCTION

discovered in 1928 by bacteriologist Alexander
Fleming due to a contaminated petri dish (Fleming
1929). While this contamination was initially classi-
fied as P. rubrum by La Touche, it was later reclas-
sified as P. chrysogenum and only recently identified
as P. rubens by a combination of phylogenetic and
extrolite analysis (Houbraken, Frisvad, and Samson
2011). Despite what Fleming would note much later
on the origin of this contamination coming through
the window from the street, it seems much more
plausible that it came from the laboratory of my-
cologist La Touche downstairs (Hare 1982). This is
especially likely since these fungi are thought to be
"poorly represented in out-door air in contrast to
their indoor frequency” (Scott et al. 2004).

As Fleming seems to have not fully grasped the
full potential of his discovery, he envisioned peni-
cillin to be used medically only for superficial infec-
tions, but mainly focused on the development of dif-
ferential media (Hare 1982). It took 10 years and the
fortunate discovery of Fleming’s publication by Flo-
rey and Chain to again set things into motion (Ligon
2004), but the project that followed was of a scale
that has been called “second in manpower and cost
only to the Manhattan Project” (Bycroft and Shute
1987).

Since then much progress has been made in the
industrial production of penicillins. First of all,
the natural penicillins, of which over 100 have
been identified (Bycroft and Shute 1987), have been
supplemented by penicillinase-resistant penicillins,
aminopenicillins, and extended spectrum penicillins
(Miller 2002). This variety in products is achieved
by removing the side chain of a natural penicillin to
yield 6-aminopenicillanic acid (6-APA), which can
then be modified synthetically (Bycroft and Shute
1987). Through this semi-synthetic approach over
a thousand of new penicillins could be discovered
and evaluated (Price 1969). Secondly, the industrial
strains have been substantially improved. While
Flemings original strain would yield the modest
amount of 1.2 pg/mlL, yields have increased to over
50 000 ng/mL today (Jami et al. 2010). This has been
achieved by amplification of the penicillin gene clus-
ter (Newbert et al. 1997), increase of cysteine biosyn-
thesis (Jami et al. 2010), and removal of secondary

pathways (Salo et al. 2015). Thirdly, improvements
in bioprocess technology have also led to increased
biomass production and penicillin yields. Despite
the fact that continuous process optimization has
been carried out since the 40s, still further increases
in yields are reported in the literature (Kiel et al.
2005; Weber et al. 2012). This seems to suggest that
even for one of the oldest industrial biotechnological
processes there is still a lot of room for further im-
provements - and therefore also for further research.

However, despite the great importance of antibi-
otics for health and society, we are amidst a deep cri-
sis, as antibiotic resistances become more common,
and pharmaceutical companies have stopped devel-
opment of novel antibiotics due to high competi-
tion and low returns (Fernandes and Martens 2017).
Even though bacterial resistances aquired through
beta-lactamases, low affinity PBPs, adaption in cell
wall proteins, and efflux mechanisms (Finch et al.
2010; Miller 2002; Zervosen et al. 2012) have been a
problem described as early as the 40s (Abraham and
Chain 1940; Schmidt and Sesler 1943; Schnitzer, Ca-
magni, and Buck 1943), penicillins are still in wide
use today. In the decades to come, it will take a
tremendous concerted effort on a global scale to stop
this emerging threat of antimicrobial resistance. This
does not only include the development of new tech-
nologies and drugs, but also new policies and a fun-
damental change in the way resistances are moni-
tored and antibiotics are applied (O’Neill 2016) - it
would be a mistake, albeit a common one among
scientists, to believe that technology alone would be
able to solve our problems.

Complex raw materials in fermen-
tation

URING development of media composition
D many factors have to be considered, includ-
ing process safety, efficiency and cost. Es-
pecially for highly competitive products like peni-
cillin, this can lead to the use of complex media com-

ponents from waste products which will increase
growth, and product formation, while at the same


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

METABOLIC FLUX ANALYSIS

CHAPTER 1. INTRODUCTION

time reducing costs. However, these advantages will
often come at the price of increased process uncer-
tainty due to lot-to-lot variability (Zhang et al. 2003)
and a generally more complex process which is more
difficult to control and optimize. Complex media
might introduce many additional questions:

* Which components are present/can be detected
in the medium?

e Which media components have a significant ef-
fect, positive or detrimental?

¢ Which media components can even be utilized
during the process?

* What lot-to-lot variability is acceptable?

To answer these questions and link the raw mate-
rial properties to the process outcome, often another
problem stands in the way: In many cases appro-
priate analytical methods do not yet exist and need
to be developed first. This does not only increase
the workload but also costs time, which is a valuable
commodity in industry.

A perfect textbook example of a complex me-
dia additive that introduces many problems to pro-
cess understanding is corn steep liquor (CSL). Not
only does it contain a wide range of different sub-
stances, including, but not limited to, amino acids,
proteins, vitamins (Hofer and Herwig 2017), organic
acids, fatty acids, sugars, minerals and heavy metals
(Hull et al. 1996), but it is also a multi-phase system
consisting of soluble and insoluble components and
therefore can prove quite challenging.

CSL is a waste product of corn milling and there-
fore cheaper than defined media or other complex
media as for instance Yeast extract. Due to its var-
ied composition, CSL is used in a wide range of pro-
cesses for different reasons: In most, it is used as a
nitrogen source (P. C. Lee et al. 2000; Kona, Qureshi,
and Pai 2001; Gouda, Swellam, and Omar 2001), in
others as a carbon (Gudina et al. 2015), or as a vita-
min source (Silveira et al. 2001; Liu et al. 2015).

In industrial and scientific penicillin production
by Penicillium chrysogenum it is used in the medium
of the batch phase, where it increases biomass and

penicillin yield (Moyer and Coghill 1946). The im-
portance of the discovery of this effect has been
quite enthusiastically noted by Coghill, who said
that ”one of the least understood miracles connected
with [penicillin] is that Florey and Heatley were di-
rected to our laboratory in Peoria—the only lab-
oratory where the corn-steep liquor magic would
have been discovered.” (Bickel 1972) Several differ-
ent hypotheses for its effect have been postulated,
among them reduced energy consumption due to
directly providing metabolites, and an improved
growth due to mixed nitrogen sources (Calam and
Ismail 1980).

Metabolic flux analysis

(1976) metabolic flux analysis (MFA) origi-

nated during the 70s (Calik and Ozdamar

2002) from a publication by Aiba and Matsuoka
(1979). The concept was later extended by re-
searchers such as Papoutsakis and Meyer (1985) and
Papoutsakis (1984) and is based on the principles of
linear algebra. A stoichiometric matrix is created
where each column denotes a single reaction within
this biochemical reaction network, and each row is
therefore the material balance for a single metabo-
lite in this network (Antoniewicz 2015). If a pseudo
steady state is assumed, i.e., internal metabolite con-
centrations do not change, and metabolite dilution
due to growth can be ignored, then this leads to the
conclusion that material balances must close and be
zero (Stephanopoulos, Aristidou, and Nielsen 1998).
Depending on the dimensions of the reaction net-
work, if enough fluxes are measured, the system
will be determined or (preferably) overdetermined
and the unknown fluxes can easily be calculated.
Alternatively, flux balance analysis returns a solu-
tion space for underdetermined systems by assum-
ing boundaries for fluxes and maximising certain
fluxes, e.g., biomass or ATP (Feist and Palsson 2010).
While initially used to compare the likelihood of
the activity of different metabolic pathways (Aiba
and Matsuoka 1979), the concept has been applied
to a wide range of other problems. These include

B ASED on an idea by Verhoff and Spradlin
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but are not limited to strain characterization (Har-
ris et al. 2000), deduction of unknown stoichiometric
factors (Henriksen et al. 1996), identification of alter-
nate pathways, soft sensor (Ohadi, Legge, and Bud-
man 2015), calculation of maximum possible yields
(Van Gulik et al. 2000), and media optimization (Xie
and Wang 1994b; Xie and Wang 1994a).

The use of MFA has several advantages: It is
a sound and tried methodology based on well-
established mechanistic principles and therefore
does not treat the cell as a black box. The pri-
mary metabolism has, in rough strokes, been elu-
cidated decades ago, and information on pathways
present in different organisms are freely available
in specialised databases (Ogata et al. 1999; Caspi
et al. 2006). Successfully established MFA models
can be found in the literature for simple bacteria
as E. coli (Long and Antoniewicz 2014), just as for
plants (Schwender 2008), fungi (Nissen et al. 1997)
and cell culture (Galleguillos et al. 2017). In contrast
to other techniques such as metabolic control anal-
ysis and biochemical systems theory, no kinetic in-
formation on the network is needed (Stephanopou-
los and Vallino 1991). The only inputs needed, are
the extracellular uptake and production rates, which
are calculated for fermentations as a standard proce-
dure. Therefore, the additional experimental burden
is quite limited.

However, there are also some limitations and
caveats one should keep in mind while applying
MFA. As this method assumes a steady state, in the
strictest sense it is meant to be applied to fermen-
tations inside a chemostat where this presumption
holds true. When applied to inherently dynamic
processes, such as batch and fed-batch fermenta-
tions, it is argued that metabolic pseudo steady state
is achieved within seconds or minutes, and there-
fore MFA can be applied by calculating rates for dis-
tinct phases within the process (Antoniewicz 2015).
Others achieve dynamic metabolic flux analysis by
fitting extracellular data and using the first order
derivative as an input (Niklas et al. 2011), while
some model the macro-reactions through kinetic ex-
pressions following simple Monod kinetics (Provost
and Bastin 2004; Nolan and K. Lee 2011). Another
limitation of metabolic flux balancing is that it is not

suited for elucidating parallel pathways, cyclic path-
ways, and reversible reactions for which the more la-
borious and complicated isotope-based flux analysis
is needed (Wiechert 2001). Additionally, it has been
suggested that '*C-labelling is also superior to pure
metabolite balancing because it “allows the elimina-
tion of doubtful cofactor balances”, however, this
method is not without its own problems and pit-
falls, such as assumptions of reversibility of reac-
tions and metabolic isotope effects (Winden, Verhei-
jen, and Heijnen 2001).

Corn steep liquor in penicillin fer-
mentation

ponents in a microbial process can seem

a daunting task. Several different statisti-
cal and computational methods have been used to
aid in this task. While one-factor-at-a-time (OFAT)
methods have fallen out of favour due to being very
laborious and not being able to guarantee to find
the true optimum, response surface methodology
(RSM) used on design of experiments (DOE) have
become well established (Beg, Sahai, and Gupta
2003; Desai et al. 2008). Additionally, more modern
approaches, like artificial neural network (ANN),
have successfully been applied to optimisation of
fermentation media (Desai et al. 2008). However,
all these methods share a common flaw: They use
statistical and computational methods, but do not
utilise mechanistic process knowledge.

It has recently been noted by Singh et al. (2017)
that MFA might be a valuable method for better un-
derstanding how microorganisms utilize medium.
The reason for this is twofold: i) By giving mecha-
nistic insights into the metabolism of our organism,
we may be able to notice shifts in metabolism due
to limitations and devise new fermentation strate-
gies based on these observations. ii) By being able
to realise that a specific pathway or substrate might
be underutilized we can change this limitation by
removing this metabolic bottleneck by genetic en-
gineering. While these suggestions have already

T HE understanding of complex media com-
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Table 1.1: Overview of published metabolic flux models for P. chrysogenum. Other (more recent) published models were excluded if

they utilised *C-labeling.

Publication Nodes Fluxes Structured Rank Condition wv,, CSL
Jorgensen, Mollgaard, et al. (1992)! 35 37 No - - 9 Yes
Jergensen, Nielsen, et al. (1995)> 50 61(+21) Yes 50 307 33 Yes
Henriksen et al. (1996) 64(+13) 72 Yes 64 484 8 No
Van Gulik et al. (2000)3 <216 193(+2) Yes - - 24  No

I As the model is not described in the publication, rank and condition could not be evaluated.

2 In the publication the amount of intracellular components is mentioned as 49. Even after several checks, it could not be verified if
this is a mistake in the publication, or a mistake in the reproduction of the model.

3 The description of the model is not sufficient to exactly recreate the model used in this study. While all reactions are given, many
metabolites in the reactions seem to be there only for completeness, e.g., "H,O:cyt”, “"H:cyt”, while most definitely not appearing in

the model.

been made long before (Varma and Palsson 1994)
and some researchers have tried to apply this idea
(Xie and Wang 1994b; Xie and Wang 1994a; Xing et
al. 2011), it seems that little progress has been made
in the last 30 years towards a mechanistic, quanti-
tative optimization procedure that properly utilizes
the capabilities of MFA.

There exist several publications that have tried to
modify amino acid concentrations of media based
on MFA and have been able to successfully improve
biomass and product yields (Xie and Wang 1994b;
Xie and Wang 1994a; Xing et al. 2011). However,
these approaches, besides being far and wide be-
tween, have still several shortcomings:

* They use the calculated internal fluxes to in-
terpret the measured uptake rates, but do not
quantify the relative effects of the amino acids
and also do not try to predict the change in
yields based on modified uptake rates. Espe-
cially for more complex metabolic networks,
this limits the applicability of MFA in a wider
scale and its widespread use in research and in-
dustry.

e While results of modified media were later
tested on fed-batch cultivations, the MFA model
itself was tested on chemostat-cultures. This
does not take into account that conditions and
demands of the cell might change over time

during the process, and different process stages
might be limited by different amino acids.

Another approach by Gheshlaghi et al. (2007) in-
vestigates the effect of amino acids on batch fermen-
tations of Aspergillus niger. They use an underde-
termined metabolic model with biomass production
as the optimization function and determine logarith-
mic shadow prices to assess limitations during pro-
cess time. This approach, which is quite similar to
the approach described in this thesis (Hofer, Hauer,
et al. 2018), is more applicable and mitigates many
of the shortcomings of the publications of Xie and
Wang (1994b) and Xie and Wang (1994a) and Xing
etal. (2011).

Similar research has also been done on Penicil-
lium chrysogenum in the past. An overview of pub-
lished MFA models for this organism is given in ta-
ble 1.1. Still, while these models in table 1.1 all in-
corporated the metabolism of amino acids, their fo-
cus was not explicitly on the elucidation of the effect
of corn steep liquor. Furthermore, the few research
groups that have used MFA for exploring Penicillium
chrysogenum have shifted from pure metabolic flux
balancing to mostly isotope labelled MFA. While
from an academic point of view this extends the
possibilities to take an ever more detailed look into
the metabolism of this important biotechnological
organism, from an industrial viewpoint this might
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limit and hinder the application of this technique in
a manufacturing setting. The focus on *C-labelled
substrates means that the created models can never
be applied in a manufacturing setting for process
control and quality assurance.
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Chapter 2

Goal of the Thesis

[...] modeling is relatively meaningless
without explicit definition, at the outset, of its
purpose.

James E. Bailey

may serve as an intellectual exercise in solv-

ing puzzles but will not push back the fron-
tiers of science. As a consequence, every model
needs a clearly defined problem or a very specific
goal and purpose. This does not only help in com-
municating the ideas behind the model and getting
other people at all interested in your research, but
also aids in not losing track of what is important.

S IMPLY fitting data points through some lines

Scientific questions

described within, was to develop a method

with which the effect of media components
can be displayed over time. It was applied to and
verified by fermentations of penicillin by Penicil-
lium chrysogenum on glucose with added corn steep
liquor as complex media additive. The focus of in-
terest were the amino acids within the corn steep
liquor as penicillin itself is a peptide. Within this de-
fined goal, this leads to the formulation of a few key
scientific questions:

T HE specific goal of this thesis and the model

e What are the release kinetics of amino acids
from corn steep liquor?

* What is the role of amino acids on penicillin for-
mation? Which are limiting over process time
and why?

¢ What is the role of amino acids on biomass for-
mation? Which are limiting over process time
and why?

e How do energetic demands guide and limit
penicillin formation?

¢ Do metabolic shifts occur during fermentation?
Can these shifts be used for process characteri-
zation?

Quality by design

OWEVER, the answers to these questions
H should not be evaluated on their own, but

in the wider context of quality by design
(QbD). In the last decades there has been a paradigm
shift by regulatory bodies regarding the definition
of quality, which is best exemplified by the Inter-
national Council for Harmonisation (ICH) guideline
Q8 (R2): "It is important to recognize that quality
cannot be tested into products; i.e., quality should
be built in by design.” This in turn, has led to a
definition of and focus on Critical Process Parame-
ters and Critical Material Attributes to facilitate this
transition from product testing to process control as
a means of achieving quality. The scientific ques-
tions answered therefore have themselves a purpose
in giving a knowledge and data-based rationale for

12
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QUALITY BY DESIGN

defining critical material attributes that affect pro-

cess performance.
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Chapter 3

Methodical Basis

The study of the growth of bacterial cultures
does not constitute a specialised subject or a
branch of research: it is the basic method of
microbiology.

Jacques Monod

HIS section is written as to give a basic
I overview of the most important aspects of
this thesis. It is supposed to act not only as a
starting point, and a collection of the relevant liter-
ature, but also as a short and concise instruction for
anyone that wants to learn or refresh their knowl-
edge about these topics. This section was written
in a way so that it can be handed to a student and
used as easy reference, explaining difficult concepts
and eliminating common misconceptions that oth-
erwise would lead to much frustration on the stu-
dent’s part. In essence I wanted to collect all knowl-
edge that he wished he had possessed at the be-
ginning of his thesis. As a consequence, this sec-
tion might be a bit more elaborate than expected or
deemed necessary, however, it is hoped that some-
body someday finds this helpful.

Determination of reaction rates
and Kkinetics

measurements quantify concentrations of sub-

I N biotechnological processes most analytical
strates and products in the fermentation broth.

However, these measurement results convey little
biologically relevant information by themselves, so
the first step in gaining insights from fermentation
data is the calculation of specific uptake and pro-
duction rates g; for each substrate and product i, re-
spectively. This can be done by the definition of or-
dinary differential equations (ODE) and subsequent
numerical solution. For a typical fermentation pro-
cess these ODEs form a material balance, where the
change in concentration ¢; depends on the specific
uptake or production rate ¢;, the amount of biomass
X, and the volume flows in and out of the reactor
Vvin and ‘/out-

5Ci .
— = ;X + Vinciin —
5 = Gt T Vinti,

V;)utci (31)

In the simplest case each g¢; is assumed to be con-
stant for each interval between measurements or for
a phase defined over several measurements (Kroll
et al. 2017). Alternatively, g; is often expected to
follow Monod-kinetics (Rickenberg et al. 1956) in
which case the numerical solution of the ODE will
return the kinetic parameters that seem to best de-
scribe the process. For a biochemical reaction r; that
turns ng substrates S; into np products P, with the
stoichiometric factors o; and f3,,, respectively,

nzsalsl T_J> nZP ﬁum (32)
=1 m=1

it can be assumed that more than one substrate is
limiting and that there exist interaction effects be-
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DETERMINATION OF REACTION RATES AND KINETICS

CHAPTER 3. METHODICAL BASIS
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Figure 3.1: Biomass and substrate concentrations cx and cg
against time for a simple batch fermentation following Monod
kinetics. Measured data points are signified by circles for cx
and triangles for cg. It is important to treat the initial conditions
also as parameters, or else the estimates shown as lines will be
misleading, even though the resulting calculated concentrations
seem to fit the data well. This is exemplified by comparing the
concentrations calculated by the estimated parameters 8 (solid
line )and the true parameters 6* (dashed line), when ignoring the
initial conditions as parameters.

tween substrate limitations. In this case, the up-
take/production rate will follow the form

ns
I1 <5
qi = qj,ma:rainlL; (33)
[ (ki + cs,)
=1

When fitting data in this way it should be em-
phasized, that for the solution of ODEs, the initial
concentration at ¢ = 0 plays an important role and
will greatly influence the results of parameter fit-
ting. However, the true concentration at this point
in time is not exactly known, and the measurements
themselves are subject to random error. It would
be a grave mistake to take the measured concen-
trations at t = 0 as the initial conditions as this
would lead to a wrong estimation of parameters as
is demonstrated in figure 3.1. The initial concentra-
tions should therefore be treated just as parameters
and be estimated by least-squares methods (Gujer

2008).
It should be emphasized that while Michaelis-
Menten and Monod-kinetics have become the de-

facto standard models in many fermentation pro-
cesses, they are not the only and not necessarily the
best approach. While their popularity is due to its
simplicity and elegance, it has been known for a
very long time that they do not necessarily fit exper-
imental data particularly well (Powell 1967; Dabes,
Finn, and Wilke 1973; Bader 1978). Koch (1998) has
even gone so far as calling the Monod-model as be-
ing “theoretically and actually wrong in almost all
cases!” Alternatives models for growth rate would
be Blackman (1905), exponential growth, Contois
(1959), or a three-constant model that is a gener-
alisation of Blackmann and Monod (Dabes, Finn,
and Wilke 1973). Artificial neural networks have
also been successfully applied to this problem and
seem to be the best current method for exact results
(Basheer and Hajmeer 2000). However, as a black-
box model it is a bit unsatisfactory as the parameters
of mechanistic models give us meaningful ways of
classifying and comparing strains, and gives us in-
sights on which parameters need to be improved to
increase rates, which ANN do not provide. Table
3.1 is supposed to give an overview of a few simple
mechanistic models and their basic assumptions.

However, caution should be applied for any of
these simple approximations, as the “constants” of
these models are themselves highly variable based
on growth conditions and physiological state of the
cell, which in turn are influenced by factors like
genotype, inoculum history, cell density and star-
vation length (Ferenci 1999). Kovéarova-Kovar and
Egli (1998) bemoan that despite the impression that
some textbooks may give on growth rates (and in
conclusion also on substrate uptake and production
rates) “many fundamental questions in this field are
still waiting to be discovered, established, and ex-
ploited”.

Parameter identifiability analysis

For parametric models as for instance the Monod-
model, one often determines the parameters by
fitting them to experimentally determined data.
Purely visual inspection between predicted and ob-
served values alone, while being absolutely indis-
pensable is not sufficient. A good fit only indicates
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CHAPTER 3. METHODICAL BASIS

Table 3.1: Overview of simple mechanistic models that can be applied to the description of the growth rate.

Model Form
Monod (1941) Gmaz Kies

K 'f dmazx
Blackman (1905) { es 0 S < T

Qmaz  €lse

dmazx 4ecgJ

Best (1955) Imaz (cg 4+ K + J) (1 —y/1- m)
Contois (1959) Imaz Korreg

Heijnen and Romein (1995)

that the model structure and parameters are able to
describe the data well but it does not mean that there
is a unique set of parameters for the specific data set.
Identifiability analysis concerns itself exactly with
this question (Walter 2014) and therefore can be used
to detect overfitting due to an inappropriate model
or insufficient data (Raue, Kreutz, et al. 2009; Raue,
Becker, et al. 2010). Several independent approaches
exist to identifiability analysis such as differential al-
gebra identifiability of systems (Bellu et al. 2007) or
exact arithmetic rank (Sedoglavic 2002). Here only
the approach utilizing profile likelihoods will be de-
scribed as this approach is able to also detect prac-
tical non-identifiability and can be applied to mod-
els using non-rational expressions like if-statements
(Raue, Karlsson, et al. 2014).

Fitting of a model to data is done by minimising
an objective function. Often this will be the sum of
squared residuals, where the residuals can be nor-
malised to the error on the measured variable.

m d D 2
209) — <ykl - yk(97t1)> 34
X*(6) ; ; oL (3.4)

The profile likelihood x%; can be estimated by
this optimisation function. This is done for each
parameter 0;, by setting it to a defined value and
then fitting the other parameters to the data with this
specified ;. When doing this over a wide range, we
get the minimal possible sum of squared residuals as
a function of 6;, which can be used as a placeholder
for the likelihood (Raue, Kreutz, et al. 2009).

n
cs
dmazx 0371+21/n}

Xpr(6:) = g?i;l[XQ(@)] (3.5)
If we now assume that the difference x?(9*) —
x2() follows the x2 distribution, where 6* are the
true and 6 the predicted parameters, we can de-
termine confidence intervals of each parameter 6;
based on the profile likelihood. The confidence in-
tervals are defined as where the profile likelihood
exceeds the value of the x? distribution for a given
a and degrees of freedom.

A = (e df) (3.6)

Raue, Kreutz, et al. (2009) use a = 0.68. The de-
grees of freedom can be either set to 1 for the point-
wise confidence interval that holds for each parameter
individually or at the number of parameters for si-
multaneous confidence intervals that hold true for all
parameters. The first is considered less reliable by
Raue, Kreutz, et al. (2009). It should also be noted
that the confidence intervals are based on the as-
sumption that the difference x2(6*) — x2(6) follows
the x? distribution. To be certain that this holds true,
the distribution of the difference “should always be
checked by simulation” and d,, be adjusted to the in
this way observed distribution (Raue, Becker, et al.
2010). Alternative distributions to x? for A might be
the inverse-Gaussian, Weibull, or log-logistic distri-
bution (Dick 2004).

A parameter is said to be structural non-
identifiable if the confidence interval is infinite and
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Winax = 0.3, ks = 0.1, YXS = 0.5, Ox = 0g = 0.2

[ N
a1 o
1 1

Concentration [g/L]
S
1

Time [h]

Figure 3.2: Example of a simulated batch fermentation with the
true concentrations that follow Monod-kinetics as lines (c% as a
solid and c% as a dashed line), and the simulated measured con-
centrations as markers (cx as circles and cg as triangles).

there is no distinct minimum in the profile likeli-
hood. Such a structural non-identifiability is due
to the model structure itself and not due to imper-
fect data. It can be eliminated by simplifying the
model, experimentally determining one or several
parameters, or by measuring previously only esti-
mated variables (Sedoglavic 2002).

A parameter is said to be practically non-
identifiable if the confidence interval is infinite but
there is a distinct minimum in the profile likelihood.
Please note that a confidence interval is said to be
infinite even if only one of its boarders is infinite.
Practical non-identifiability arises due to suboptimal
data, and can be eliminated by decreasing the error
on measured variables, by increasing the sampling
interval or changing the experimental conditions. If
the confidence interval is finite and there is a mini-
mum in the profile likelihood, then and only then a
parameter is said to be identifiable.

A key strength of identifiability analysis by profile
likelihoods is that each parameter can be determined
completely on its own. Detaching the identifiability
analysis between parameters leads to several advan-
tages, including the possibility of parallelisation for
faster computation, and easy visualisation and in-
terpretation (Raue, Becker, et al. 2010). As the pro-
file likelihood X%, as defined in equation 3.5 is not
comparable between models, it can be normalised

nye = 104
0.15 1
g 0.10
a9
0.05
0.00 1 T T 1 T T
0 5 10 15 20 25

A= x*(0) - x*(6)

Figure 3.3: The difference in the sums of squared residuals be-
tween the estimated parameters with the best fit § and the true
parameters 0 follow a x?2 distribution with five degrees of free-
dom for the five fitted parameters pmaz, ks, Yx s, ¢x,0,and cs 0.
The empiric distribution was determined by Monte-Carlo simu-
lation with npsc = 10* samples drawn. The parameters in each
sample are identical to the parameters described in the text or in
figure 3.2.

as described by Kroll et al. (2017) or by Meeker and
Escobar (1995)

R(XQ) —_ X2(g)

g}i{}[x (0)]

(3.7)

which changes the threshold for the confidence in-
tervals to

xX*(9) (3.8)

Xz(é) + A,

However, for both definitions of the profile like-
lihood this would mean that the threshold is not
identical between experiments, parameters or mod-
els. Therefore, the profile likelihood will in the rest
of this section be defined as

Xpr(0:) = gnin[x2(9)] - x*(0) (39)

so that the threshold value simply becomes
Aalphw

Let’s apply this approach to a simple example: As-

sume that we have measured biomass and substrate

concentrations cx and cg for a batch fermentation
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at ny time points and with known standard devia-
tions of o x and og, that are constant over time. Let’s
also assume that our data are perfectly described
by a Monod-model where the true parameters are
Hinar = 0.1, k& = 0.01, and Y5 ¢ = 0.5 and the true
initial conditions are ¢k, = 1, and ¢§ , = 20. In fig-
ure 3.2 such a simulated experiment is shown, where
ng=5andox =09 =0.2g/L.

By simulating nj;c = 10* samples and calculating
the sum of squared residuals of the parameters with
the best fit § and the true parameters 6* we can make
sure that their difference follows a x? distribution
as shown in figure 3.3. Therefore, we can calculate
confidence intervals of the parameters through the
95t percentile of the x? distribution.

If we take a look at the profile likelihood X%,
for all three parameters in figure 3.4, we immedi-
ately see that one of them, kg, is practically non-
identifiable. The value of kg can change between
several orders of magnitude without affecting the fit
to the data. So for these data, there is no unique so-
lution to k5. As the number of samples drawn has
little effect on identifiability here (data not shown),
if kg is to be estimated, we would either need to re-
duce the error on measurements or change the ex-
perimental setup. Kovarova-Kovar and Egli (1998)
believe that fed-batch fermentations are able to over-
come many of the weaknesses of batch and con-
tinuous cultures in estimating growth parameters.
However, it should be clearly emphasized that just
because a parameter is identifiable this only means
that there is a single parameter that gives a best fit to
the data but not that this best fit parameter ; is also
close to the true parameter ¢;. This will be demon-
strated by drawing not a single sample from the dis-
cussed system but one hundred and comparing the
results of the identifiability analysis for kg. In fig-
ure 3.5 A, we see that for cx = 05 = 0.2 g/L many
simulated experiments will be unable to identify kg,
however, many others will be able to identify it and
will give results over several orders of magnitudes.
Only by further decreasing the errors on measure-
ments to 0.01, it is possible to estimate the true value
of kg reliably and consistently.

This just proves the importance of identifiability

analysis in combination with extensive simulation
for experimental planning.However, as the results
of such a Monte-Carlo simulation depend also on
the parameters of the system, this leads to the prob-
lematic conclusion that one needs to already know
the parameters for simulation in order to be able
to exactly determine the parameters experimentally.
Hence, knowledge about the parameters is needed
in order to plan the experiments for parameter de-
termination.

Error propagation

Most properties of interest in the physical sciences
cannot be measured directly but must be calculated
or fitted from a combination of several other mea-
surements. As such, on this result of these derived
entities there must be an error that depends on the
uncertainty of the measurements. Assignment of re-
alistic errors for complex systems is not a trivial task.
The most wide-spread taught way of estimating er-
rors based on measurement uncertainty is Gaussian
error propagation, which follows

af()\’
=3 (%)
However, equation 3.10 assumes that errors of
variables are uncorrelated, which is often problem-
atic, especially if parameters 0 were themselves es-
timated by least-squares fit (Tellinghuisen 2001).
Therefore, a more general and simpler matrix nota-

tion of equation 3.10 exists, in which correlation be-
tween variables is considered in the form of

(3.10)

0? =g"Vy, (3.11)

where V is the variance-covariance matrix and ¢g”
is the sensitivity defined as the change in output per
change in parameter value g7 = ( gefl " W) The
sensitivity is calculated at each time point of a time
series by approximating ae as ﬁg using an appro-
priate value for Af. Gujer (2008) proposes some-
thing in the range of one percent of the absolute pa-
rameter value. If too great a Af is chosen, one risks

that the assumed linearity of the sensitivity does not
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ng =505 =02,06 =02,a =0.05
10°

104 104

, 10*
103 103 10 103
3
102 102 10
2
1 102 10
10 101 101 101
10° 10° 100 10°
0 0 0 0
T T T T T T T T T
-2 0 -2 0 1 2 3 0.0 2.5
logio(ks) log1o(pmax) log1o(Yxs) logio(cs,0) logio(cx,0)

Figure 3.4: Result of the identifiability analysis of the simulated data from figure 3.2. A,—0.05 both with df=1 and df=3 are indicated
as dashed lines. While all other parameters are identifiable, kg is practically non identifiable as its left confidence interval is — inf
since it never rises above A,.

ng = 5, K = 0.05, nyce = 100

A Ox = 0g =02 B UX:U’5:0.05 C (TX:U’5:0.01
105 .
102 . 103 7 104 T
102 4 = 10° 1
NEJ 101 - T NEJ NEJ 2
= = 1 [ = 10
e 10" 4 —========mmmmmmms
AL e 10! +
1004 | | ] 10° ~ 10°
0 _\_J 0+ 0
T T T T T T T T T T T T
—6 —4 -2 0 —6 —4 -2 0 —6 —4 -2 0
logio(ks) logio(ks) logio(ks)

Figure 3.5: For three different true standard deviations (0.2 in A, 0.05 in B, and 0.01 in C) nps¢ = 100 samples were drawn each and
profile likelihoods were derived. The profile likelihoods for all samples were plotted slightly transparent so darker colours signify a
more uniform distribution of profile likelihoods. With decreasing errors on measurements the reliability of estimation of kg improves.
For an error of 0.05, the estimate of ks might still be several orders of magnitude away from the real parameter k%, even though the
identifiability analysis confirms that for this random sample there is a unique solution.
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hold for non-linear models, which can lead to wrong
estimates of uncertainty.

An alternative to Gaussian error propagation is
the use of Monte-Carlo simulations. The method
consists of three steps: The definition of input un-
certainty, the sampling of input uncertainty and the
calculation of outputs from sampled inputs to de-
termine output uncertainty (Sin, Gernaey, and Lantz
2009). The strengths of Monte-Carlo simulation to
the problem of error propagation are that it is easily
implemented while being applicable to both linear
and non-linear models and that it is able to deal with
greater uncertainty than Gaussian error propagation
(Gujer 2008). Furthermore, Monte-Carlo methods
make no specific assumptions about the distribu-
tions of in and outputs, and the whole distribution of
outputs can be assessed while linear error distribu-
tion only determines the momentum (Gujer 2008).
Even though it is true that extensive Monte-Carlo
simulations can be time consuming and computa-
tionally expensive, they are also ideally suited for
parallel computing which can drastically decrease
computation time. A bigger concern might be the
properties of the random numbers generator (RNG)
used for simulations. The desired properties of a
good RNG are uniformity, independence, (and for
cryptography also non-predictability) and to have
these properties for a wide array of different sam-
ple sizes. All these properties can be checked by the
use of freely available test suites. Failure of even
one single test within such a test suite can already
be problematic (L'Ecuyer and Simard 2007; O’Neill
2014). Press et al. (2007) give the following practical
considerations for choosing a suitable RNG: i) Never
use a linear congruent generator or multiplicative
linear congruential generator. ii) Never use a gen-
erator with a period less than 252, They also ad-
vise against a period greater than 10'%° as such a pe-
riod should give no practical advantages. iii) Never
use the built-in generators in C and C++. The RNG
implemented in NumPy (v1.18) is PCG64 based on
the publication by O’'Neill (2014) and fulfills all mod-
ern requirements of RNGs. Additionally, when us-
ing parallel computing a RNG should be chosen that
is able to provide multiple threads. Depending on
the specific problem to which Monte-Carlo simula-

nypc = 10*

0.30
_. 0.28 A
<
b
~ 0.26 TN
L0 -=-== 95% CI +cov N
=024 4 e 95% CI cov :

95% CI (Gauss)
0.22 1 . .

7.5 7.6 7.7 7.8 7.9 8.0
Time [h]

Figure 3.6: The 95 % confidence intervals calculated through
Monte- Carlo simulations (dashed line) surround the true growth
rate (solid line). When ignoring covariances between parameters
(dotted line), the confidence interval becomes much wider. The
95 % confidence interval calculated through linear error propaga-
tion (including covariances) is depicted as an area in grey. Both
Monte-Carlo and linear error propagation result in comparable
boundaries.

tion is applied, Quasi-Monte-Carlo methods might
be more effective and converging faster to the true
solution, ironically even for reliability and uncer-
tainty analysis (Robinson and Atcitty 1999; Singhee
and Rutenbar 2010).

For Monte-Carlo simulation, just as for linear er-
ror propagation, covariances between parameters
need to be accounted for, or otherwise it could lead
to an overestimation of output uncertainty (Gujer
2008). If for instance, the fitting of a Monod-model
as described earlier would lead to an underestima-
tion of c¢x o, then this could be compensated by an
overestimation of fiy,q, to still lead to a good fit. It
is therefore evident that when estimating parame-
ters by least-squares, covariances should not be ne-
glected. This is exemplified in figure 3.6, where ig-
noring covariances lead to wider confidence inter-
vals for the growth rate . To incorporate covari-
ances into the Monte-Carlo simulations of rates one
has two approaches, either one simulates the error
on measured data itself, or one generates the param-
eters from the estimations of mean and the variance-
covariance matrix by assuming a multivariate nor-
mal distribution (Papoulis and Pillai 2002; Gujer
2008).

20


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

METABOLIC FLUX ANALYSIS

CHAPTER 3. METHODICAL BASIS

Metabolic flux analysis

It should be emphpasized that metabolic fluxes
are the most fundamental measure of cell

physiology.

Stephanopoulos, Aristidou and Nielsen in
Metabolic Engineering

HE basis of MFA is a stoichiometric model

I describing how substrates .S, products P,

biomass constituents X s4¢r0, and metabo-

lites Xjpse: are connected to each other through a

number of reactions by their stoichiometric coeffi-

cients. This model, with stoichiometric factors for

the four compound types grouped into four distinct
stoichiometric matrices, can be formulated in by:

AS + BP 4+ T'Xpracro + GXpger = 0 (312)

The last of these four stoichiometric matrices are
used for considering the properties of such a biolog-
ical system by inspecting the mass balances of the
intracellular metabolites. The change in concentra-
tions within the cell itself is assumed by:

OChet
ot

Under the assumptions of a pseudo-steady
state and metabolite pools being several mag-
nitudes smaller than their fluxes through them
(Stephanopoulos, Aristidou, and Nielsen 1998), this
simplifies to

(3.13)

=TMet — UCMet

0=ruer =GT xv (3.14)

wherein G7 is the n x m stoichiometric matrix of
the biochemical network consisting of n metabolites
and m reactions, and v is the vector of m fluxes. This
solution is sometimes also called the “right null-
space of the stoichiometric matrix” (Famili and Pals-
son 2003).

If the vector of measured fluxes v,, is sufficiently
sized, so that the system is either determined or
overdetermined, the vector of unknown fluxes v,
can be calculated after splitting the matrix G into

21

the two matrices of unknown fluxes G¥" and mea-
sured fluxes G7,, by the following equation:

G"v = GLvom +Glv. =0 (3.15)
ve = —(GE)F Gl um (3.16)

where
(GD# = (G.GI)'G. (3.17)

In this way, MFA can be understood as a form
of least-squares linear regression (Jergensen et al.
1995), that tries to minimize the residuals on the ma-
terial balances. When solving overdetermined sys-
tems, the redundancy in measurements in combina-
tion with error estimates on the fluxes can be used
to check the measurements on internal consistency
(N. S. Wang and Stephanopoulos 1983).

R=GT —GT(GH#aT (3.18)
€ = Ry, (3.19)

F = E(667) (3.20)

¢ =R, FR] (3.21)
h=ep tel (3.22)

The calculated consistency index h follows a x?
distribution with the same degrees of freedom as
the linear system. If the index h exceeds the thresh-
old value at a given confidence interval, this could
be due to gross measurement errors, violation of
pseudo-steady state or an unsuitable model. For an
overdetermined system gross measurement errors
can be detected by iteratively eliminating a measure-
ment and observing the index (Goudar et al. 2014).
For testing if the pseudo-steady state is violated, one
could iteratively add an extracellular output flux
for each intracellular metabolite and again check for
changes in consistency (Stephanopoulos, Aristidou,
and Nielsen 1998). For internally consistent data,
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Table 3.2: By iteratively removing a single reaction from the intracellular network GT described by Goudar et al. (2014) it is demon-
strated that the condition of a GZ is not bounded by the condition of GT

Flux removed None vVpni V2 Vms

Condition 7.6 20.0 8.8 365

improved measured rates can be estimated by the
following formula:

Om = (I —FRY¢™'R, ) v, (3.23)

However, before calculating intracellular fluxes in
this manner, one should always consider the prop-
erties of the stoichiometric matrix first. One of these
properties is the matrix rank, which should always
be full, while the other is the condition number. The
condition number is a measure of how errors in mea-
surement and rounding effect the algebraic solution
(Goudar et al. 2014; X. Wang 2007) and is bounded
between 1 and inf (Allaire 2007). A system is said to
be well-conditioned, if the condition number is be-
low 100 while values above that suggest problems
with sensitivity (Nyberg et al. 1999). As a rule of
thumb it can be said that if the condition of A has
the power b, that this is the upper bound of accu-
racy that one loses. In other words, this can be inter-
preted in the accuracy of the measurements needed
for reliable results, e.g., if the power b would be 5,
one would need to determine the measured fluxes to
an accuracy of 5 digits (Stephanopoulos, Aristidou,
and Nielsen 1998).

k(A) =a x 10° (3.24)

There seems to be some disagreement in the lit-
erature for which matrix exactly rank and condi-
tion should be observed. While Goudar et al. (2014)
suggested it for G7, in other publications as in
Jorgensen et al. (1995) this is demanded for the net-
work of unknown fluxes GI'. Stephanopoulos, Aris-
tidou, and Nielsen (1998) demand a full rank of GT
but a low condition to GT. To answer this question,
we need to take a look at equation 3.17. For it to have
a solution, we need the matrix G.G? to be invert-
ible, which is only the case if the columns of G are

293 84 77 173 113 811 771

linearly independent, i.e., it is of full column rank
(Strang 2005). Van der Heijden et al. (1994) have
termed this property of the matrix as non-redundant.
Stephanopoulos, Aristidou, and Nielsen (1998) also
caution that a full rank of G does only mean that
there exists at least one G of full rank but does not
mean that every possible G has full rank. They
fail to realise, however, that the same is true also for
the condition of GT and GZ, which is easily demon-
strated by table 3.2.

However, in the case of rank deficiency one can
still get results by calculating the pseudoinverse
(GT)# by the Moore-Penrose method (Barata and
Hussein 2012; Chen and Feng 2014), which is often
also the method implemented in contemporary pro-
gramming languages such as MatLab and numpy
for Python. One can not stress enough that this is
not a solution to a problem but only a dangerous
liability. Therefore both G and G should always
be checked for rank and condition. A more struc-
tural and comprehensive approach to this problem
is given by calculability analysis and the interested
reader is referred to the original publications by Van
der Heijden et al. (1994) that have subsequently been
built and improved upon, for instance by Klamt, S.
Schuster, and Gilles (2002).

Describing a stoichiometric model

As already has been eluded to in the description of
table 1.1, the reproduction of models described in
the literature can be a little cumbersome at times.
Some publications do not explicitly describe the re-
actions, while others do not describe the shape of
the matrix and rarely is the distinction between sub-
strates S, products P, macromolecular components
Xnaero and intracellular metabolites X .; stated
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explicitly and in a comprehensive manner.. These
things make reproducibility of MFA models a diffi-
cult process full of trial and error for the confused
reader of publications. As it is clear that the inclu-
sion of the matrices themselves in the publications
is (usually) not in the best interest of publishers, au-
thors and readers alike, the author would suggest
the following minimum information to be included
for every stoichiometric model:

e All intracellular reactions. Where compounds
are included in these reactions for completeness
without being part of the final modal, e.g., wa-
ter, this should be indicated. The compound
could for example either be put into round
brackets or be crossed out.

* The compounds included in each of the four
stoichiometric matrices o, B, I" and G.

* Shape, rank, and condition of GT. While the
condition is meant to assure there are no prob-
lems of sensitivity, it can also serve as a practi-
cal way to confirm that one has correctly repro-
duced the matrix without errors.

¢ Shape, rank, and condition of Gf.

Creating a stoichiometric model

After, hopefully, having dispersed any confusion
about matrix rank and condition, in the rest of
this section important matrix properties will be dis-
cussed in detail with their effect on condition and
flux calculation in mind and how to spot and deal
with problems that may arise during model build-
ing.

Matrix size: At first, let us consider the case of
a square m x m stoichiometric matrix GT. As this
system has m unknown fluxes and also m metabolic
balances, its degrees of freedom at full rank is zero.
In other words, the system that has been defined
by this matrix is inherently determined. It follows
that such a system is not able to adapt to changes in
its environment as it itself is not capable of change.
Therefore, it is evident that any stoichiometric ma-
trix GT must have more columns than rows.

o
©)

'S
©)

Condition number [-]
N
L
O

0 2 4 6 8
Non essential metabolites [-]

Figure 3.7: The condition number increases with the addition of
nonbranching nodes.

Non-branching nodes: Lets consider the simplest
possible branching network consisting of a substrate
that is catalysed to either of two products.

S M (3.25)
M2 p (3.26)
M 3 p, (3.27)

Such a system would consist of three fluxes, an
uptake and two reaction fluxes and have the form
the matrix G in equation 3.28. One might build
on this network by adding n additional fluxes and
nodes that serve no other purpose but to relay the
input flux to the branching node. While such a mod-
ified model might be plausible from a biochemical
point of view and might be used in metabolic con-
trol analysis (MCA) for simulation of perturbation
experiments, from the standpoint of MFA this adds
nothing of value since the input and output fluxes
must be the same for each of these nodes due to
the pseudo-steady state assumed. However, each of
these added nodes will linearly increase the condi-
tion number, as is shown in figure 3.7.

Gi=[1 -1 -1] (3.28)
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Go=|1 " 1 (3.29)

o ... 1 -1 -1
Just as bad would it be, if one would formulate
this stoichiometric matrix with the substrate S and

the products P; and P, explicitly mentioned, as in
equation 3.30.

-1 0 0
1 -1 -1

Gl = 0 1 o (3.30)
0 0 1

This would not only increase the condition from 1 to
2, but also be quite insensible as this would violate
the pseudo-steady state assumption for these sub-
stances. By adding uptake fluxes to the matrix G7 to
not violate the mass balances, we would again only
create useless relay nodes. Therefore, each metabo-
lite mass balance of the stoichiometric matrix should
be checked to contain 3 or more non-zero stoichio-
metric factors. If a metabolite contains only one,
it should be eliminated by removing the row, if it
contains only two, the two input fluxes of the node
should be combined into one. While these thoughts
might be considered trivial, it is still important to
mention them as these regrettable mistakes can be
seen even in publications. A prime example comes
from the model described in the otherwise excellent
book chapter by Goudar et al. (2014) in Animal Cell
Biotechnology. One can immediately see, that one
can combine fluxes v,,; with v.i, v,,2 with v., and
vm3 With the two fluxes v.3 and v,5.
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The resulting reduced 4 x 6 matrix is only a third
of the size of the original matrix, but is still of full
rank, and still has two degrees of freedom. How-
ever, while all significant information has been re-
tained, the condition has decreased by half from 7.6

to 4.0 making the reduced matrix more robust to er-
ror fluctuations on the rates. That these two matri-
ces are functionally equivalent, can be confirmed by
comparing the results for the calculated fluxes of the
oxidative phosphorylation and the ATP sink, which
change only by 1.2 and 0.8 % respectively.

-2 -1 -+ 0 0 0
r_|-2 -1 2 0 -1 0
=12 o 20 25 -1 (3.32)

0 0 -1 -1 -05 0

o

Matrix is not of full rank: Let us consider a sto-
ichiometric matrix in which the cofactor ATP is in-
corporated. If we would modify the reactions to
also consider ADP, we would add another mass bal-
ance that is identical to the ATP mass balance mul-
tiplied by -1. Naturally, this matrix would not be of
full rank anymore and the condition would increase
tremendously. The condition of the matrix that is
described later in the text in equation 3.39 would in-
crease from 4.0 to 8.2 x 10'6. By iteratively remov-
ing one mass balance from the matrix and check-
ing if the rank has not changed, we can easily de-
termine the set of linearly dependent mass balances
even for more complicated cases. This method can
of course also be applied to the columns/fluxes of
the matrix. Here it should be considered that many
linearly dependent reactions often do not operate
at the same time, therefore knowledge of the reg-
ulatory mechanisms of these pathways should be
used to determine which reactions should be omit-
ted (Stephanopoulos, Aristidou, and Nielsen 1998).
An alternative approach could be to eliminate de-
pendencies by considering the compartmentation of
the reactions.

Cyclic pathways: Substrate cycles were initially
thought to be a useless waste of ATP and therefore
originally dubbed futile cycles. However, since their
discovery, this view has changed, and substrate cy-
cles have been recognized as important regularly
mechanisms in metabolism that play a prominent
role in glycolysis/gluconeogenesis. Their purpose
has been described to lower the flux into a path-
way as an “energetic price” to pay for the ability
to rapidly switch between pathways (D. Voet, J. G.
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Voet, and Pratt 2016). The substrate cycle of fructose-
6-phosphate and fructose-1,6-bisphosphate can be
described with the following equations

glc + ATP — fru-6-p (3.33)
fru-6-p + ATP — fru-1,6-p (3.34)
fru-1,6-p — fru-6-p (3.35)
fru-1,6-p — DHAP + G3P (3.36)
— ATP (3.37)

which lead to the following matrix form (exclud-
ing the substrate and two products)

-1 -1 0 0 1
G'=]1 -1 1 =10
0 1 -1 0 0

(3.38)

While such a matrix would seem reasonable at
first inspection by having full rank and a condition
of 4 problems may still arise. If we would want to
solve such a system by only measuring v; and v4 we
would have linear dependencies. So even though
the system might seem determined we would need
to measure another system or remove one of the two
reactions vg and vz based on prior knowledge of reg-
ulatory mechanisms. Luckily, such futile cycles are
easily recognized and dealt with as long as the rank
of GT is checked to be full. If, however, this is not
done, and the pseudo-inverse of G is calculated us-
ing the Moore-Penrose method, one might not even
realise that the results calculated are not trustwor-
thy! This would be the case, if one would use the
unaltered MatLab code provided by Goudar et al.
(2014).

Correlating mass balances: Let us consider again
the matrix in equation 3.38 from the discussion of
futile cycles. Let us assume that one would try to
monitor this system in a more detailed fashion, by
also including ADP together with ATP, so that one
would formulate this new matrix GT as

a1
o
1

'S
S
1

N
(=]
1

O

Condition Number
W
o
L
O

(@]

[y
(e
1

@]
O 0000
—0.84 —0.82 —0.80 —0.78 —0.76
Correlation between balances

Figure 3.8: The condition number increases exponentially with an
increased negative correlation between the mass balances of ATP
and ADP. The stoichiometric factor X in equation 3.39 has been
varied between -1.1 and -2.

-1 -1 0 0 1
1 -1 1 =1 0

GT 0 1 -1 o0 o (3.39)
1 1 0 0 X

If one were to put X as -1, then the two balances of
ATP and ADP would be linear dependent, and that
would be noticeable by the rank and a high condi-
tion number. However, if one were to argue that
the reaction from ADP to ATP would be not com-
pletely efficient and that some ADP would be "lost”
due to side reactions, one could set X at any value
lower than -1 to signify this. Therefore, the matrix
would again be of full rank, even though the condi-
tion number would increase exponentially with the
correlation factor between the two balances, as can
be seen in figure 3.8.

It is therefore advisable to be very careful when in-
cluding both forms of a cofactor, e.g., ADP and ATP,
NAD* and NADH, Acetyl-CoA and CoA etc., and
one should try, if possible, to formulate any losses
in efficiency not through stoichiometric factors but
through additional reactions in the intracellular net-
work.
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Insights from stoichiometric matrices

After now having discussed the properties and pre-
requisites of our matrix G7, a few paragraphs will
be written for additional information that can be
extracted from the matrix itself or the intracellular
fluxes calculated.

Calculating maximum theoretical yields: Calcu-
lating the theoretical yield can be as simple as solv-
ing for the stoichiometric coefficients in equation
3.40 by creating balances for C, N, H and degree
of reduction (DoR). The maximum theoretical yield
would then be defined as Y = 1

a - Substrate +b - Os + ¢- NH3 —

(3.40)
Product +d - COy + e - H,O

This approach however ignores the demand of co-
factors such as ATP, NADPH and NAD in biosyn-
thesis, which would further decrease the theoreti-
cal yield closer to the true maximum yield. Even
though this method yields better estimates, the cor-
rect formulation of the cofactor balances can easily
become a complex task that is more error prone and
therefore, a more systematic approach is preferable.
MFA provides a suitable framework for such an ap-
proach, as one simply sets the flux of substrate to 100
mol/h and the fluxes of all other carbon delivering
substrates and products to 0. The yield is then the
fraction of product and substrate flux

Yy = UProduct (341)

USubstrate

It should be noted that it can be still useful to cal-
culate the theoretical yield through elemental bal-
ances first, as to have an upper boundary to compare
the results of MFA for plausibility.

Metabolic rigidity: Yield itself is limited not by
enzyme activity but by how much flux is channelled
away from the intermediary branch points in the
production pathway (Stephanopoulos and Vallino
1991). By varying the yield under similar condi-
tions under which a theoretical maximum yield was
observed, one can determine the so-called principle
nodes. Principal nodes are defined as the nodes for
which split ratios change with varying yields, i.e.,

the nodes that influence the yield by diverting fluxes
away from product formation. After having defined
these principle nodes, one can determine their rigid-
ity through experimental flux perturbations. Flexi-
ble nodes allow for changes in split ratio from 0 to
1 and therefore usually do not need to be modified,
while rigid nodes will be insusceptible to flux per-
turbations and would need to be either modified, or
other fluxes will have to be diverted through other
pathways to increase yields.

Elementary flux modes: If the columns of the stoi-
chiometric matrix are linearly dependent, which will
always be the case if the number of reactions exceeds
the amount of metabolites, then a matrix R exists so
that

GT'R=0. (3.42)

This matrix R is said to span the null space, so
mathematically speaking, it is a basis of the solution
space of the steady state assumptions. Therefore,
each individual column of R and all linear combi-
nations of the columns of R satisfy the steady state
assumption GTv = 0, so all v that fulfill the steady
state condition can be described as a linear combi-
nation of the columns of R. Two difficulties to over-
come for the use of this mathematical application
were that such an R is not unique, i.e., there are a
multitude of vector bases for GT, and that not all of
them allow for biological interpretation. As a con-
sequence, and based on prior ideas put forward by
Leiser and Blum (1987) and Fell (1993), Schuster and
Hilgetag have defined the elementary modes of a
stoichiometric matrix as the unique basis that ful-
fils the three conditions of steady state, sign restric-
tions and simplicity (S. Schuster and Hilgetag 1994;
S. Schuster, Hilgetag, and R. Schuster 1996). The ele-
mentary modes can therefore be understood as func-
tional units of the network, e.g., the sum of reactions
that produce a certain product. This moves the anal-
ysis of stoichiometric networks away from single re-
actions to whole pathways. The elementary modes
can be calculated by starting with the tableau 7

7O _ [é 9 G] _ {B(O)} —[I G (343

Girr F(O)
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In an iterative fashion, for each column of G, we
remove all stoichiometric factors of that column by
linear combination of the rows of T(©). Linear com-
binations of the as reversible declared reactions are
put into B, while linear combinations containing
irreversible reactions are put into F(*). After this has
been done n times for the n rows of GT, we arrive at
our solution in the final tableau 7.

" B p®) o
= [pa] = o o

Where b(%) are the reversible flux modes and f*)
the irreversible. All possible elementary modes are
therefore the set of f(*), b(*) and —b®*). It should be
noted that this approach is conceptually quite sim-
ilar to the pathway synthesis algorithm described
by M. L. Mavrovouniotis and Stephanopoulos (1990)
and M. Mavrovouniotis and Stephanopoulos (1992).

By finding the set of functional pathways from the
stoichiometric matrix, one can apply this informa-
tion to a wide array of problems: Provost and Bastin
(2004) used this to create macro-reactions from the
network and by assuming Monod-kinetics devel-
oped a possible framework for dynamic MFA. It can
also be used for calculability analysis to determine
which fluxes of a network need to be measured to
be able to calculate a specific flux, even if the system
at large might still be underdetermined (S. Schus-
ter, Klamt, et al. 2002; Klamt, S. Schuster, and Gilles
2002). Additionally, just with the structural informa-
tion alone one is able to deduce certain aspects of the
regulation of the network such as relative transcrip-
tion ratios (S. Schuster, Klamt, et al. 2002; Stelling et
al. 2002). Furthermore, elementary flux modes can
also be seen as an advancement of the calculation of
theoretical yields (S. Schuster, Klamt, et al. 2002).

As a final paragraph to elementary flux modes, it
should be noted that this is not the only approach
to pathway analysis, the second in widespread use
being extreme pathway analysis. Both use very sim-
ilar concepts indeed, but extreme pathway analysis
exchanges linear algebra and its equalities with the
inequalities of convex analysis and replaces the basis
of the flux space with the convex basis, the extreme
rays that span a solution cone (Schilling, Letscher,

(3.44)

and Palsson 2000). Extreme pathways are therefore
a subset of elementary modes and are sometimes
preferred to elementary flux modes, as their cal-
culation can be computationally quite demanding
(Klamt and Stelling 2002; Klamt and Stelling 2003).
However, Klamt and Stelling believe that elemen-
tary flux modes are more useful and cite as a few
reasons that extreme pathway analysis will lead to
missing independent pathways and that removing
or changing a single reaction will lead to recalculat-
ing of all extreme paths (2003).

Metabolite pools: In biological systems there ex-
ist groups of metabolites for which the sum of con-
centrations within this group is conserved (Park Jr.
1986; Park Jr. 1988; S. Schuster and Heinrich 1996):

n
Z Met; = const.
i=0

(3.45)

These groups containing a conserved moiety, i.e.,
a chemical entity that is conserved within, even for
an open system, could be cofactor balances, such as
the metabolites ATP, ADP and AMP. Another way
to describe these dependencies between the material
balances of the stoichiometric matrix would be

LxG"=0 (3.46)
which is equivalent to
GxL=0 (3.47)

and therefore similar to equation 3.42 - G x R =
0 - and the objectives of pathway analysis, where
R represented the (right) null space, so the matrix
L is called the left null space (Famili and Palsson
2003), or, more intelligibly, the conservation matrix
(S. Schuster and Heinrich 1996). While R repre-
sents the possible linear combinations of fluxes un-
der pseudo-steady state, L represents the linear com-
binations of concentrations that are allowed under
these conditions. While the columns of R represent
pathways, the columns of L represent “metabolic
pools” (Famili and Palsson 2003). A difference be-
tween R and L is that while R might contain negative
factors if some reactions are considered reversible,
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the factors in L must all be non-negative (S. Schus-
ter and Heinrich 1996). Just as for R, there exist a
variety of methods for calculating the conservation
matrix L, for instance by the use of convex analysis
(S. Schuster and Heinrich 1996; Famili and Palsson
2003), linear algebra (Reder 1988; Cornish-Bowden
and Hofmeyr 2002) or other approaches (Nikolaev,
Burgard, and Maranas 2005). Metabolic pools un-
derstood as conservation relationships are said to
provide a meaningful basis for understanding cell-
signalling (Famili and Palsson 2003) and metabolic
regulation by assuming metabolic pools of enzymes
and its effectors (Jamshidi and Palsson 2010).

Sensitivity analysis

effect a change in that model has on model

outputs. A “change in model” is here defined
very broadly and can relate to structure, parame-
ters or inputs alike. While it is often used to the
study of how uncertainty in model parameters prop-
agate to model outputs (Sin, Gernaey, and Lantz
2009), these techniques can also be applied to many
other problems such as model reduction, detection
of over- and under-fitting, alternative model for-
mulation (Saltelli et al. 2004), identifiability analsis
(Miao et al. 2011) and covariance structure analy-
sis (Tanaka and Watadani 1992). In general terms,
one can discern between local and global sensitivity
analysis. Local methods only determine the sensi-
tivity at one point of the parameter’s space and each
parameter is investigated on its own, while global
methods investigate the whole multi-dimensional
parameter space (Saltelli et al. 2004). Even for sim-
ple linear regression, the field of sensitivity analysis
spans enough topics to fill a whole book (Chatter-
jee and Hadi 2009), however, in this section only the
most fundamental terms will be explained. The local
sensitivity of input § on output y, is simply defined
as the derivative

I N its essence, sensitivity analysis deals with the

_ Oy
L

Some take issue with the often confusing units

Sy.0 (3.48)

and values of the sensitivity (Gujer 2008) and
use either the absolute-relative sensitivity (absolute
change of y per relative change of 0)

9y

SZ:g = 089 (3.49)
or the relative sensitivity
0 1
oo 00 Oy (3.50)

v w90 Olnd

which is sometimes also called the logarith-
mic sensitivity (Gheshlaghi et al. 2007). The log-
arithmic sensitivity of metabolic fluxes are also
mathematically identical to the flux control coef-
ficients of metabolic control analysis (Bailey 1998;
Stephanopoulos, Aristidou, and Nielsen 1998).

For the specific case of MFA with underdeter-
mined systems, the concept of shadow prices can
be applied. The shadow price is the sensitivity of
the optimization function to a change in measured
fluxes with the optimization function usually being
a flux that is thought to be maximised by the organ-
ism during growth, so usually the biomass produc-
tion or product formation (Stephanopoulos, Aristi-
dou, and Nielsen 1998; Gheshlaghi et al. 2007).
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Chapter 4
Achievements

Summary

To answer the scientific questions stated previ-
ously, we had to determine at first which bound
amino acids are released and which kinetics can de-
scribe their release. In fungi a common strategy
to metabolise insoluble substrates is to release ex-
tracellular enzymes which degrade the substrates
into soluble compounds. Cultures of Penicillium
chrysogenum were cultivated in a bioreactor. From
these experiments, the supernatant at beginning and
end of the Fed-Batch was incubated with fresh corn
steep liquor and the release of free amino acids was
monitored via high pressure liquid chromatography
(HPLC). From these curves, the simplest identifiable
model was determined which sufficiently described
amino acid release.

Using these kinetics, historic fed-batch fermenta-
tion data was reevaluated by recalculating the up-
take and production rates of amino acids. These
rates were used as input for a metabolic flux model
developed from published models and the Kyoto
encyclopaedia of genes and genomes. From a local
sensitivity analysis, new hypothesis for limitating
substrates could be generated. These results were
confirmed with a new fermentation run where me-
thionine was pulsed after its depletion.

Findings and Impact

ASED on the current state of the art and the
B scientific questions formulated in the previ-

ous chapter, it was possible to establish the
following knowledge in this thesis:

What are the release kinetics of amino
acids from corn steep liquor?

It could be established that release kinetics are not
negligible and that its neglect can lead to wrong es-
timation of uptake rates. Furthermore, it was dis-
covered that the release kinetics of amino acids vary.
In general terms amino acids could be categorized in
those that i) show no release at all, ii) are completely
released during batch-phase, iii) are partly released
during batch-phase and iv) are only released in the
fed-batch phase. Conventional wisdom that corn
steep liquor only affects the batch-phase could be
disproven.

What is the role of amino acids on peni-
cillin formation? Which are limiting over
process time and why?

As penicillin is a peptide created from the amino
acids a-aminoadipic acid, valine and cysteine, it is
only natural to suspect them to affect its produc-
tion. It could be shown that a-aminoadipic acid
and valine both have only a marginal effect, while
penicillin shows the greatest sensitivity to the sul-
phur carrying amino acids cysteine and methionine.
This is due to the high NADPH demand of peni-
cillin production, which already in previous studies
have been shown to be the factor limiting the yield
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FINDINGS AND IMPACT

CHAPTER 4. ACHIEVEMENTS

(van Gulik et al., 2001). As sulphur utilization also
consumes NADPH, the uptake of sulphur contain-
ing amino acids is able to circumvent this energetic
price and is therefore able to spend the NADPH in
other reaction steps.

What is the role of amino acids on biomass
formation? Which are limiting over pro-
cess time and why?

For biomass production the difference in effects
are less pronounced with tryptophan, alanine, glu-
tamine and asparagine being the amino acids with
the greatest sensitivity. The sensitivities change
marginally over time, suggesting that no new lim-
itations arise during fed-batch fermentation.

How do energetic demands guide and
limit penicillin formation?

As already mentioned before, the role of amino
acid and energetic limitations are both deeply inter-
twined in the biosynthesis of penicillin. NADPH,
and not ATP or specific carbon species, is the limit-
ing factor for the process as NADPH is used in many
steps including sulphur and nitrogen utilization and
for the synthesis of different amino acids. This leads
to the conclusion that the use of alternative sulphur
and nitrogen sources, which are energetically not as
demanding as sulphate and ammonia, could lead to
increased yields. Alternatively, genetically modify-
ing Penicillium chrysogenum by introducing alterna-
tive routes of sulphur and nitrogen utilization could
have an identical effect.

Do metabolic shifts occur during fermen-
tation? Can these shifts be used for pro-
cess characterization?

There seem to be no fundamental shifts in
metabolism during fed-batch fermentation, even
though, after pulsing methionine the calculated in-
tracellular fluxes estimate a decrease in fluxes of the
pentose phosphate pathway. Otherwise no further
changes or limitations could be detected.

This should act as a proof of concept that even
for well-established processes metabolic flux analy-
sis can lead to improved process knowledge and in
turn to knowledge-based definition of critical pro-
cess and material attributes. It can serve as a valu-
able method in the toolbox of the bioprocess engi-
neer. However, conversely there are many things
and details to consider that also make it a sometimes
difficult to use tool. The formulation of an appropri-
ate stoichiometric matrix can be a daunting task and
its verification and validation even more so.
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IN-DEPTH CHARACTERIZATION OF THE RAW...

CHAPTER 5. FULL MANUSCRIPTS

In-depth characterization of the raw material corn steep liquor and its
bioavailability in bioprocesses of Penicillium chrysogenum

Alexandra Hofer?, Stefan Hauer?, Paul Kroll®?, Jens Fricke®P, Christoph Herwiga'b

@ Research Area Biochemical Engineering, Institute of Chemical, Environmental and Bioscience Engineering, Vienna University of
Technology, Gumpendorferstrasse 1a — 166/4, A-1060 Vienna, Austria
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dorferstrasse 1a — 166/4, A-1060 Vienna, Austria
Abstract

LTHOUGH corn steep liquor (CSL) is a com-
A monly applied raw material in biopharma-

ceutical production processes, its mechanis-
tic impact on process performance is still not com-
pletely unraveled. It is a multicomponent and mul-
tiphase matrix, including free and bound ingredi-
ents. Hence, changes in bioavailability during culti-
vations and their effect on the process are challeng-
ing to determine.

In this study we want to give a holistic overview
of CSL considering both phases as well as free and
bound ingredients. With the example of amino acids
bioavailability in CSL was assessed with respect to i)
initial bioavailability ii) solubilization release in me-
dia and iii) enzymatic release by Penicillium chryso-
genum during a fermentation process. Ten amino
acids showed an enzymatic release including argi-
nine, which is used for biomass formation, and va-
line, a precursor amino acid for penicillin produc-
tion. Applicability of these results was demon-
strated on a penicillin process for both these amino
acids showing opposed meaning of specific rates de-
pending on inclusion of release kinetics.

Overall, the detailed characterization of CSL with
high analytical quality and the consideration of re-
lease kinetics resulted in a huge impact on the inter-
pretation of the process with respect to fungal phys-
iology and metabolism.

Introduction

media supplement in diverse biopharma-
ceutical production processes (Kanzaki et al.

C ORN STEEP LIQUOR (CSL) is widely used as

1967; Kona, Qureshi, and Pai 2001; Rivas et al. 2004;
Silveira et al. 2001; Tornqvist and Peterson 1956). It
is commonly added as cheap N-, C-, vitamin or trace
element source as an alternative to expensive, de-
fined media ingredients. The most prominent ex-
ample of a CSL supplemented bioprocess is the pro-
duction process of antibiotics by Penicillium chryso-
genum. In this process, CSL was first added in the
1940s and resulted in an increase in productivity
of about 20% (Bowden and Peterson 1946). Gener-
ally, the use of CSL holds many advantages: CSL
is a byproduct of the wet-milling process (Hull et
al. 1996). Hence, it is available at low-cost and as
a waste product, that can be reused for the produc-
tion of valuable products. Additionally, CSL orig-
inates from corn, hence, it is enriched with a wide
variety of nutrients and is therefore able to increase
growth and productivity when used in media of bio-
processes. On the other hand, the biological origin
brings about some disadvantages as well. CSL is
subject to a high and unpredictable lot-to-lot vari-
ability, which can originate from season, origin of
the corn and the wet-milling process itself (Liggett
and Koffler 1948). Furthermore, CSL is a multiphase
system consisting of a liquid phase that is miscible
with water and a solid phase which shows a low sol-
ubility in water. So far, this multiphase system has
very scarcely been characterized leading to an igno-
rance of the actual bioavailability of the nutritious
substances in CSL. In terms of the process analytical
technologies (PAT) initiative, it is necessary to char-
acterize critical raw material attributes (CMAs) and
control the raw materials used in order to guarantee
a safe product (FDA 2004). For complex raw ma-
terials such as CSL, this is a demanding task as it is
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difficult to analyze the matrix and forecast the actual
bioavailability of substances during the process.

So far, studies about CSL have mainly focused
on the characterization of the liquid phase of the
multiphase system, neglecting any bioavailable sub-
stances in the solid phase (Xiao et al. 2013). The
impact of the complex nutrient source on process
performance has just been investigated as black box
system, i.e. no detailed characterization of the be-
havior of the various ingredients of CSL during
the fermentation has been made. However, cor-
relations between CSL quality and process perfor-
mance attributes, i.e. product concentration or max-
imal biomass (Gao and Yuan 2011; Hofer, Kamrava-
manesh, et al. 2018), have been established. The
FDA suggests to replace these black box systems by
process knowledge in order to ensure product qual-
ity.

The focus of this study is to deliver a detailed
characterization of CSL with respect to amino acids,
organic acids, sugars, vitamins, trace elements and
minerals. Furthermore, bioavailability of the ingre-
dients is of fundamental importance in order to un-
derstand the impact on a bioprocess. For antibi-
otic production and filamentous growth amino acids
are of utmost importance. Hence, bioavailability of
the raw CSL as well as bioavailability through enzy-
matic release by P. chrysogenum was evaluated focus-
ing on CSL as N-source, i.e. amino acid source. The
underlying hypothesis of the availability of amino
acids in CSL is shown in figure 5.1. Amino acids can
be released by solubilization effects in the media or
enzymatically by the fungi.

In this study we deliver a holistic overview of
CSL with the focus on amino acids as nutrient
source. Amino acids occur in initially bioavailable
and bound form, hence, the change of bioavailabil-
ity of the single amino acids due to enzymatic re-
lease over time is examined during processes of P.
chrysogenum. We aim to show that the consideration
of the enzymatic release kinetics has a huge impact
on the interpretation of the process with respect to
fungal physiology and metabolism.

Generally, CSL is widely used in biopharmaceuti-
cal production processes, thus, the generated knowl-
edge can be applied for increasing the understand-

ing of metabolic behavior in various processes.

Materials and methods
Chemicals and reagents

All chemicals and substances were of analytical
grade and purchased from either Carl Roth (Karl-
sruhe, Germany) or Sigma Aldrich (St. Louis, MO,
USA). For analytical methods ultra-pure water was
used, derived from a Milli-Q system from Merck
Millipore (Billerica, MA, USA).

Analytical methods

Vitamins were analyzed according to Hofer and
Herwig (2017).

Amino acids, organic acids, sugars, sugar alco-
hols, trace elements and minerals were analyzed ac-
cording to Hofer, Kamravamanesh, et al. (2018). In
order to evaluate the substances that are bound in
CSL, extraction procedures had to be performed for
the different analysis, which were described before
(Hofer and Herwig 2017; Hofer, Kamravamanesh,
et al. 2018).

CSL samples

CSL samples originated from a European manufac-
turer, produced from dried corn. CSL samples are
naturally inhomogeneous and consist of two immis-
cible phases (a solid and a liquid phase). For the
extraction of the specific components (amino acids
and vitamins) the samples were dried at 95 °C for 72
h. Otherwise the homogenized sample was used for
analysis.

Kinetic experiments

The medium used for the release experiments con-
tained CSL, CaCOj; and Glucose.

Solubilization experiments were performed in 500
mL shake flasks. The medium containing CSL was
shaken at 200 rpm at 25 °C for 96 h. Samples were
taken every 24 h and analyzed by HPLC for amino
acid concentration.
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{mm protein
O free amino acid
b)) enzyme
CSL corn steep liquor
AMC additional media components
BM biomass
LP liquid phase

Sp solid phase
TE enzyme release rate
MsR; released component i from CSL by solubilization

TER;i release rate of i by enzymatic catalysation
qi specific uptake rate of i

i component i € {amino acids}

Figure 5.1: CSL can be understood as a multiphase system which consists of a liquid phase (LP) and a solid phase (SP). Both phases
include free, thus bioavailable amino acids and protein-bound, thus, inaccessible amino acids (left plot). In a bioprocess these phases
are mixed with additional media component (AMC) as well as with biomass (BM). Additionally to the soluble and bioavailable amino
acids from LP and SP (mgr ;), the fungus secretes proteases (r;) which are able to degrade the CSL proteins (rgr ;) and make the

amino acids accessible as nutrients (g;) (right plot).

For the enzymatic release experiments by Penicil-
lium chrysogenum, a penicillin cultivation was per-
formed as described in 2.6 Bioreactor cultivations. A
sample of the batch end was centrifuged in a ster-
ile manner 3 times at 4800 rpm and 4 °C for 10 min.
100 mL of supernatant were transferred by syringe
in 150 mL sterile medium containing CSL (duplicate
experiment) LP or SP in a 300 mL DASbox multi-
bioreactor system (Eppendorf AG, Germany). Stir-
rer speed was controlled at 400 rpm and aeration
was set to 1 vvm. The processes were run for 70
h and sampling was achieved by a Numera sys-
tem, i.e. an automated sampling system (Securecell,
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Switzerland). The same procedure was performed
with a fed-batch sample that was taken after 60 h
of cultivation. For the batch supernatant processes
samples were taken every hour for the first 20 h, fol-
lowed by a sampling interval of 6 h. For the fed-
batch supernatant processes, samples were taken ev-
ery 6 h. The samples were cooled at 4 °C and ana-
lyzed by HPLC at the end of the processes.

Release kinetics evaluation

Under the assumption of an advanced Monod ki-
netic with only partially available substrate, the
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measured data were smoothed. From this smoothed
data the maximal release rate (7,4, ) and the half-life
time (t1 /2 = t(7 = rmae/2)) were calculated.

Bioreactor cultivations

Cultivations were performed in a DASGIP multi-
bioreactor system (Eppendorf AG, Germany) with a
working volume of 2 L each. The initial batch and
fed-batch volumes were 2 L and 1.5 L, respectively.

Penicillium chrysogenum was cultivated at con-
trolled pH (6.5) — only during fed-batch -, dO,
(>40%) and temperature (25 °C). Aeration was kept
at 1 vvm. Dissolved oxygen and pH were measured
using the optical and potentiometric probes, respec-
tively (Hamilton, Switzerland). DO, was controlled
via adjustment of stirrer speed and increase of the
O, content in the inflow air and pH via 20% (w/v)
KOH or 15% (v/v) H,SO,4 addition. CO, and O,
concentrations were analyzed with an off-gas ana-
lyzer (module DASGIP GA4) by a ZrO, sensor for
O, and an infrared sensor for CO, analysis.

The batch was carried out on a complex bioreac-
tor medium, including glucose and sucrose as car-
bon source, similar to the one described by Posch et
al. (2013) without pH control. The end of the batch
was indicated by an increase in pH by 0.5. Fed-
batch was performed on a defined medium (similar
to Posch et al. (2013)) which was inoculated by 10%
of the batch broth. Three feeds were added to the
fed-batch, namely glucose, ammonia — as nitrogen
source — and a penicillin-precursor feed, via peri-
staltic pumps (module DASGIP M8, Eppendorf AG,
Germany).

Cell dry weight was determined by centrifuga-
tion of 5mL cultivation broth at 4800 rpm, 4 °C for 10
min. The pellet was resuspended once in deionized
water and centrifuged again, followed by drying of
the cell pellet at 95 °C for 72 h.

Results and discussion
In-depth characterization of CSL

CSL was characterized for 55 specific components
(21 amino acids, 5 organic acid, 8 reducing sug-

100
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Figure 5.2: CSL was analyzed for the occurrence of free and
bound amino acids in its liquid and solid phase, respectively. The
amino acids are in order, starting with the one that shows the
highest percentage of bound amino acid ending with those amino
acids that are almost completely available in their free form.

ars, 7 water-soluble vitamins and 14 trace ele-
ments/minerals). For a standard CSL quality sam-
ple over 80% of its composition could be specified by
the established analytical methods (Table 5.1). The
main ingredient is lactate which can be used as C-
source in bioprocesses and amino acids, typical N-
sources in more complex processes. The amount of
the available amino acids is distributed in a range
between 0.8 and 443 mg g!. The main amino
acids are arginine, alanine and glutamic acid with
44.3, 35.7 and 42.0 mg g‘l.Vitamins, minerals and
trace elements are available in very small amounts,
mostly bound to proteins or other molecules. Other
C-sources than lactate, namely sugars and organic
acids, are present in negligible amounts for applica-
tion in bioprocesses.

In this study the focus lies on the application of
CSL for filamentous processes, where it is mainly
used as N-source. For this reason, the kinetic release
was evaluated especially for the amino acids in CSL.

Bioavailability of amino acids in the solid and liq-
uid phase of CSL

With the established methods, over 80% of the CSL
composition could be decrypted, indicated as mg
g1 CSL. Although the complete CSL including lig-
uid and solid phase was taken into account, no
conclusions about the actual bioavailability can be
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Table 5.1: CSL of standard quality was analyzed for its major ingredients in order to get an overview of its composition. The substance
classes that were analyzed are amino acids, organic acids, reducing sugars, vitamins, trace elements and minerals.

Ala Arg Asp/Asn Cys-Cys Glu/GIn Gly His Hyp Ile Leu
mgg! mgg! mg g! mg g! mg g! mg g! mg ¢! mg g! mg g’ mg g’
35.7 443 14.6 11.3 42.0 16.0 6.8 0.8 7.4 21.8
Lys Met Phe Pro Ser Thr Trp Tyr Val
mgg!  mgg! mg gt mg gt mg gt mg g! mg g! mg g’! mg gt
54 11.9 6.7 27.6 5.0 7.6 0.4 5.8 15.6

Ace For Lac Succ Oxa

mg g'! mg g! mg gt mg g™t mg g!

215 26.4 307.9 23.0 4.5

Arabitol Arabinose Galactose Glucosamine Glucose Glycerol Mannitol Sorbitol
mgg!  mgg’ mg gt mg g! mg g'! mg g'! mg g! mg g'!
0.9 4.5 2.2 1.4 16.5 14.3 2.7 2.1

Biotin B12 Niacinamide Nicotinic acid Pantothenic acid Pyridoxine Thiamine
mgg!  mgg! mg g’! mg gt mg gt mg g! mg g!

16.5 0.2 2.4 0.1 0 0.8 4.2

Na K Mg P S Ca /n Fe Mn Cu Ni Se Co Mo
mgglmgg! mgg! mgg' mgg! wgg' npgg' wmgg! wgg' wmegsg! wgs' ngg' meg! mwgg!
29 28.3 6.4 27.0 6.3 361.0 105.3 110.8 35.6 5.6 1.05 0 0 0

drawn. Therefore, the initial bioavailability of all
amino acids was evaluated, i.e. the soluble amino
acids in the liquid as well as in the solid phase. Ad-
ditionally, the amino acid concentration was deter-
mined after chemical and enzymatic extraction in
the complete CSL, the solid and the liquid phase.
The measured amounts per g CSL for the different
phases were in accordance and therefore allowed the
detailed separation of each of the phases in bound,
i.e. not initially bioavailable, and free, i.e. initially
bioavailable, amounts of each amino acid (figure
5.2). Phenylalanine, alanine, leucine and isoleucine
occur almost only in their free form with less than
10% bound in proteins. On the contrary, over 90% of
hydroxyproline, arginine, histidine, glutamic acid,
tyrosine and lysine are not initially bioavailable as
they are bound in proteins or peptides. The direct
precursor amino acids for penicillin production with
Penicillium chrysogenum are located in the middle,
with about 27% of bioavailable cystine and 55% of
bioavailable valine (Jorgensen et al. 1995).

The initial bioavailability of the single amino acids

41

additionally depends on the saturation effects of the
substances. Hence, the amount of free amino acids
could increase in the fermentation media. In order to
estimate this effect, mgr; was investigated by sim-
ple solubilization experiments in batch medium. In
summary, 16 samples were taken over 166 h and
analyzed via HPLC. For each amino acid a linear
regression was fitted through the received concen-
tration analyzed at each sample point. The slope
was statistically analyzed via the p-value in order to
evaluate a significant slope, i.e. a significant change
in concentration that should be considered. Statisti-
cally, 12 amino acids, namely glutamic acid, pheny-
lalanine, proline, serine, alanine, valine, leucine,
threonine, asparagine, isoleucine, aspartic acid and
tyrosine, showed a significant slope which indicates
a considerable solubilization (figure 5.3). Neverthe-
less, it could be observed that the solubilization of
amino acids takes place only in the first 72 h. The
amino acids showing the highest solubilization ef-
fect are mostly amino acids that occur mostly in their
bioavailable form in CSL anyway, such as alanine,
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Figure 5.3: Estimation of the solubilization of
bound amino acids in media. A regression
over the 16 samples was fitted and the p-value
of the slope (left plot) was taken as criteria
for a significant release. Additionally, the re-
lease rate of the single amino acids was calcu-
lated (right plot). Twelve out of 19 amino acids
showed a significant release.
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of bioavailable parts from CSL. The left plot
shows the measured concentrations of arginine
(white circles), the model fit (red line) and the
parameters vmae and Kg. The right plot il-
lustrates the release rate rgr over time. The
halflife of the 7 g r is marked by a red line. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web
version of this article.)

110
0 15 30 45 60 75 0 15 30

time [h]

leucine, phenylalanine or isoleucine.

The obtained results raise the question whether
the fungi are able to release amino acids from pep-
tides and polypeptides in CSL and whether they are
able to metabolize them for growth or production
purposes.

Enzymatic release of amino acids from CSL by P.
chrysogenum

The kinetics of the amino acid release by fungal en-
zymes was evaluated through enzymes produced
in batch and enzymes produced in fed-batch by P.
chrysogenum. 18 amino acids were investigated for
their enzymatic release by peptidases or proteases
produced by P. chrysogenum. Overall, 10 amino acids
showed a marked release, namely arginine, aspartic

45 60 75

time [h]

acid, cystine, glutamic acid, histidine, lysine, serine,
threonine, tyrosine and valine. For alanine, glycine,
isoleucine, leucine, methionine, phenylalanine, pro-
line and tryptophan no marked release could be no-
ticed. Four of these eight amino acids that show no
enzymatic release are available as free amino acids
with about 90% of their overall content in CSL. In
addition, they also present a solubilization effect as
shown above. The bound parts of glycine, methion-
ine and tryptophan on the other hand seem to oc-
cur in an unavailable form for P. chrysogenum as
they show neither solubilization effects nor any en-
zymatic release.

In order to calculate the release rates rpgr; for
the single amino acids, a Monod model was fitted
to each run. It is noted here that the assumption
of bioavailable parts from CSL had to be included
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Table 5.2: The enzymatic release rates of the amino acids available in CSL were evaluated experimentally with P. chrysogenum. 10
amino acids showed a marked enzymatic release. The volumetric enzymatic release rates and their half-life of the single amino acids

from CSL were evaluated by a Monod model.

Arg Asp Cys-Cys  Glu His Lys Ser Thr Tyr Val
rpr [mgLTh1]a 2476 0699  1.659 4361 1080 / 1.890 2393 0618 /
rpr [mgLTRIP 2260 0771  / 3668 1299 1522 1102 1495  0.882  1.420
ti2 [h]? 30302 16.486  29.083 18.047 30.132 / 15993 15.824 23206 /
t1/2 [h]® 37502 13282 / 22.899 23.154 13990 27.496 21.363 13.721 18.200
2 results of experiment 1.
b results of experiment 2.
5 100
°
s R’ =0.114
p-value =0.341

R =0.792
p-value <0.001 Glu
4 ,_}4

T [mg/L*h]

0 T T T

0 25 5 100

50 7
released amount from CSL [mg/L]

Figure 5.5: The plot shows the released amount of i from CSL
against the enzymatic release rate rg g of i for all 10 amino acids
that are affected by the fungal enzymes. A correlation with an R?
of 0.792 can be observed indicating a decrease in the enzymatic
activity over time.

in the model in order to fit the data. Additionally,
no parameter identification was performed for v,,4,
and K,. Hence, these parameters are not reliable.
Nevertheless, release rates as well as the half-life of
the release rate can be calculated from the data (fig-
ure 5.4). A summary of the release rates for both
runs and the half-life values for all amino acids that
show considerable release are listed in table 5.2.

The enzymatic release rates vary between 0.6 and
4.3 mg L1 h! for the ten amino acids. Although the
amount of bound substance varies for every amino
acid, no correlation between the amount of bound
amino acid ¢ and rrgr,; could be observed. How-
ever, a significant correlation between the amount

=
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released ratio from CSL [%]
&
<
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Thr
25 4
Cys-Cys d
).4
° e
i SN °
0 His M Arg Lys
; : : :
0 25 75 100

50
ratio of bound AA in LP [%]

Figure 5.6: The plot shows the ratio of released substance from
CSL against the ratio of bound substance in the liquid phase for
all 10 amino acids that are enzymatically released by the fungi.
No significant correlation can be observed, which indicates that
the enzymatic release is independent of the phase.

of released substance i and rgg; is noticeable (fig-
ure 5.5) This correlation as well as the decrease of
the release rate over time can arise due to either a
decrease in the enzymatic activity over time or due
to a limited amount of bioavailable substance in the
bound phase. We assume that the first assumption
is correct.

As CSL cannot only be divided into free and
bound amino acids but also in its liquid and solid
phase, the question arises if the enzymatic release ki-
netics differ between the various phases. In order to
investigate this effect, correlations between the ratio
of released substance and the ratio between bound
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Table 5.3: CSL is added as media supplement in the batch phase
of a P. chrysogenum process. The amino acids show different be-
havior in the batch: i) no enzymatic release at all ii) complete re-
lease in batch iii) initiation of enzymatic release in batch or iv) no
enzymatic release in the batch phase.

AA without AA AA starting  AAno

TER, complete TER,i in release in
release in batch batch
batch

Ala, Gly, Ser, Thr Arg, Asp, Val

Ile, Leu, Cys-Cys,

Met, Phe, Glu, His,

Pro, Trp Lys, Tyr

substance in the liquid or solid phase were analyzed.
No trend was observable that would indicate a pre-
ferred phase for the release, hence, we assume that
the release kinetics are independent of the phases
(figure 5.6).

In summary, the enzymatic release kinetics of 10
amino acids by P. chrysogenum could be identified.
The question arises how the release of the single
amino acids affects the interpretation of a cultivation
experiment.

Application of release kinetics in a bioprocess

The results presented so far indicate that if a multi-
phase system is added as nutrient source it is diffi-
cult to estimate the actual bioavailability of the nu-
trients without proper raw material analysis. Hence,
in order to achieve sound process understanding
and insight in the metabolic behavior, the actual
bioavailability of substances in the raw material has
to be considered.

With the example of a P. chrysogenum process for
the production of penicillin, the impact of the con-
sideration of the amino acid bioavailability of CSL is
demonstrated. We hypothesize that CSL is added in
this process as N-source and that the amino acids of
CSL play an essential role for the formation of peni-
cillin.

The process consists of two stages: the batch for
germination and growth and the fed-batch for pro-
duction of penicillin. CSL is added in the initial me-
dia, hence, just in the batch. The transfer from batch
to fed-batch takes place when the main C-sources,

namely Sucrose, Glucose and Fructose, are depleted,
which correlates with the pH course (figure 5.7A).
Hence, the pH can be used as transfer criterion. In-
terestingly, a correlation between pH and the con-
centration of amino acids in the supernatant could
be established by a partial least squares (PLS) re-
gression model (figure 5.7B). According to the pH
as transfer criterion and the growth in the batch —
shown as the carbon dioxide transfer rate (CTR) —,
we assume that the release-time of amino acids in
the batch phase is approximately comparable in ev-
ery batch and is therefore set to 20 h.

In the batch phase, the amino acids can be divided
in 4 groups: i) amino acids that are not enzymat-
ically released at all ii) amino acids that are com-
pletely released in the batch phase iii) amino acids
starting their enzymatically release in the batch and
iv) amino acids that are not yet released in the batch
(table 5.3). The first two groups are easy to handle
as they need no further attention in the fed-batch
phase. Most of the amino acids of these two groups
are used by the cell for biomass formation. Only
methionine and serine are precursor amino acids for
cysteine which is important for penicillin formation.
Hence, they might play a role for product forma-
tion too (Jergensen et al. 1995; Van Gulik et al. 2000).
The latter two groups demand consideration in the
fed-batch phase for proper interpretation of uptake
and release rates. These two groups include amino
acids important for biomass generation, e.g. glu-
tamic acid, a component that can be fed in the TCA
cycle, but also cystine and valine, the major precur-
sor amino acids for penicillin production (Jergensen
et al. 1995; Van Gulik et al. 2000; Christensen et al.
1995). In the penicillin cultivations, CSL is added in
the media in amounts around 80 g I"!. At the trans-
fer from batch to fed-batch, a dilution takes place de-
creasing the amount of transferred CSL. Hence, for
some amino acids the enzymatic release in the fed-
batch just lasts for the first 10-50 h. In table 5.4 the
concentrations of the different amino acids in the dif-
ferent phases is illustrated.

On the example of two amino acids, one impor-
tant for biomass formation the other for product for-
mation, the impact of the release from CSL is illu-
minated. When we compare the cumulative specific
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Figure 5.7: Plot A shows a typical time course of sugars, pH and carbon dioxide transfer rate (CTR) — representing growth — in a
P. chrysogenum batch cultivation. Sucrose is cleaved into glucose and fructose, which are taken up consecutively. With the uptake of
glucose, the production of gluconic acid (GlcA) starts, which is jointly responsible for the change in culture pH. The transfer to the
fed-batch culture takes places after 75 h when glucose and fructose are completely consumed. This correlates to the culture pH, which
can therefore be used as transfer criterion. Plot B shows a PLS model with 5 latent variables of pH and the amino acid concentrations
in the supernatant of the batch culture. The good correlation allows an assumption of a constant amino acid release time in the batch

if the pH is used as transfer criterion.

Table 5.4: Overview of the concentrations of all amino acids that show an enzymatic release at the beginning of the batch in free form,

bound, released during batch and transferred to the fed-batch.

Arg Asp Cys-Cys  Glu His Lys Ser Thr Tyr Val

mgLl! mgLl! mgL?! mgl? mgl?! mgLl! mgL! mgL! mgLl! mgL’!
Begin batch (incl mggr ;)  34.9 41.2 98.0 80.9 9.8 26.1 236.2 142.8 17.2 274.0
Bound in CSL 1551.7 1217 258.4 12904 2957 224.5 53.3 87.2 2127 225.1
Released in batch 474 14.7 33.2 80.3 23.8 30.4 29.9 38.9 15.0 0
Transferred to fed-batch 224.5 16.0 33.6 180.6 40.6 29.0 3.5 7.2 29.5 33.6

(bound)

uptake rate of i with either the cumulative growth
rate or production rate we can observe some corre-
lation. This correlation changes, if the release from
CSL is taken into account, hence, a different yield
value is observed. Arginine is part of the urea cy-
cle and is mainly used as N-source for biomass for-
mation (Morris Jr. 2002; Wu and Morris Jr. 1998).
Additionally, it is present in CSL in high quantity
and is released from CSL in the fed-batch for about
130 h (Cardinal and Hedrick 1948). Without tak-
ing any release into account, we get a positive yield
value, assuming a production of arginine by the
fungi. Contrariwise, an uptake of arginine and a
negative yield can be observed, if the release from
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CSL is taken into account (figure 5.8A). Although
no reference yield for biomass/arginine for fungi in
complex medium could be found in literature, the
observed correlation is consistent when looking at
the metabolic pathway of arginine and its role as ni-
trogen source for biomass formation (Van Gulik et
al. 2000; Morris Jr. 2002; Wu and Morris Jr. 1998). The
same approach was performed for valine, a precur-
sor amino acid for penicillin production, and peni-
cillin. Valine is part of the q-aminoadipyl-cysteinyl-
valine (ACV) peptide that is converted to isopeni-
cillin N. The sidechain of isopenicillin N is finally ex-
changed with phenoxyacetate and forms penicillin
V (Jorgensen et al. 1995). In the process valine is
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Figure 5.8: Correlation between arginine and biomass (A) as well as valine and penicillin (B). Both plots show the cumulated specific
rates of biomass and penicillin versus the cumulated specific rates of arginine and valine, respectively. In both cases a marked
difference between these correlations can be observed depending on a consideration of amino acid release from CSL or not, which can
also be observed in the slope change which corresponds to the yield coefficient.

just released for the first 32 h in a standard fed-batch.
Nevertheless, the observed yield and interpretation
of the specific rate of valine change markedly. With-
out consideration of the release kinetics, the yield is
positive and a production of valine by the fungi is
indicated. The interpretation changed into the op-
posite again, when taking the release kinetics of CSL
into account (figure 5.8B). Valine is taken up by the
fungi and we get a negative yield. As valine is a pre-
cursor amino acid, this correlation seems plausible,
too.

As mentioned above, the proposed kinetics can
have an impact on the interpretation of physiologi-
cal activity of the fungi. Taking a look at the concen-
tration of arginine in the supernatant, an unsteady
behavior can be observed with a peak at approx-
imately 70 h. Additionally, the release from CSL
takes about 130 h for arginine and is assumed to be
constant (figure 5.9A). The release of bound arginine
from CSL already indicates an uptake of this amino
acid by the fungi, as the concentration in the super-
natant changes just marginally. The specific rates
calculated with or without release kinetics substan-
tiated this hypothesis (figure 5.9B). In the first 12 h
of the fed-batch an uptake of arginine takes place.

Without consideration of any release, the specific
arginine rate just varies around zero after this initial
uptake. The arginine peak that can be observed in
the supernatant is only represented by a sudden re-
lease of arginine by the fungi. If the release by CSL is
taken into account, a strong initial uptake can be ob-
served, followed by a constant uptake of arginine by
the fungi. This difference is furthermore illustrated
by the cumulated specific arginine rate over time.
The release from CSL results in a steady process con-
stantly taking up arginine (figure 5.9D), whereas no
release shows an insignificant trend that indicates
no metabolic action by the fungi concerning arginine
(figure 5.9C).

Additionally to the change in physiological in-
terpretation, the release kinetics might also help to
identify phases in the process. This phenomenon is
shown again in a penicillin fed-batch process with
less initial CSL concentration. Hence, the release of
arginine in the fed-batch lasts for around 60 h (figure
5.10A). Without any consideration of a release a con-
stant specific arginine rate can be observed around
zero (figure 5.10B). If the release is taken into ac-
count, the process suddenly shows two phases. The
first phase till 80 h shows an uptake of arginine
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Figure 5.9: Impact on the interpretation of physiological behavior of the fungi with consideration of CSL release in the fed-batch. Plot
A shows the time course of biomass and arginine in the supernatant over time as well as the decrease in bound arginine due to an
enzymatic release (black line). Plot B illustrates the specific arginine rates calculated with or without release from CSL. The difference
in the cumulated specific rates over time can be seen in plot C and D.

that decreases over time. The second phase illus-
trates a constant but very low release rate of arginine
that equals the one without consideration of any
enzymatic release from CSL. Again, the interpreta-
tion of the physiology of the fungi in the processes
changes due to the consideration of enzymatic re-
lease of amino acids from CSL. In the first 24 h of
this process a C-limitation occurred, which might be
the reason for an intensified uptake of amino acids.
After removal of the limitation, the arginine uptake
rates decreased again because another C-source was
again available. The hypothesis about the occur-

rence of these two phases could now be experimen-
tally investigated and substantiated. This is likely to
lead to an increased understanding of the organism
as well as of the process itself.

Conclusion

SL is a widely used raw material in biopro-
cesses, which still holds secrets as to why it
has such a positive impact on process per-
formance. In the process of Penicillium chrysogenum
it is mainly added as N-source due to its high con-

47


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
10
edge

b

now!

L]
|
rk

IN-DEPTH CHARACTERIZATION OF THE RAW...

CHAPTER 5. FULL MANUSCRIPTS

200 4 60

A
—A— Cprg
—o— CDW
150 4 45
o =
=1
g Zz
= a
2 o
8
100 301
a0 —_
< =
K] £
3 &
504 5%15 3

0 - [ T T T

0.2

B
A
A4 A LA A A A A
e 7~
-0.1 A An A
a

= N
5%
o A
Y A A
E a
-3
<
ot

-0.7
A without CSL release
A with CSL release

T
|
|
|
|
|
|
|
|
|
0.4 A |
|
|
|
|
|
|
|
|
|

0.0 425 85.0 1275
process time [h]

-1.0 T T T

170.0 0.0 25 85.0 1275 170.0

process time [h]

Figure 5.10: The consideration of enzymatic release kinetics from CSL can help to detect phases in a process that can otherwise not
be observed that easily. Plot A shows the concentrations of biomass and arginine over time as well as the decreasing concentration of
bound arginine in CSL (black line). Plot B illustrates the specific arginine rates that show one phase without release consideration and

two phases with release consideration.

tent of amino acids. CSL is a multicomponent and
multiphase system, consisting of both bound and
free ingredients in its liquid and solid phase. Hence,
bioavailability and the actual nutritious effect of the
amino acids are not known during bioprocesses.

In this contribution, we give a holistic overview
of CSL by characterizing CSL for 55 specific com-
ponents and specifying both phases, solid and lig-
uid. Initial bioavailability of amino acids in both
phases of CSL was determined as well as the amount
of bound amino acids. The release rates from the
peptides and polypeptides in CSL were determined
with respect to i) solubilization effects in media and
ii) enzymatic decomposition by enzymes produced
from P. chrysogenum. It could be shown that these
release kinetics play a role in the understanding of
a process that uses CSL as complex media supple-
ment. On the example of valine and arginine in the
penicillin process, the change in physiological inter-
pretation of release and uptake kinetics of the fungi
were illustrated just by consideration of CSL release
kinetics. For both amino acids an uptake can be ob-
served if release kinetics are considered, whereas no
consideration implies a production of these amino
acids by the fungi. Additionally, it could be shown
that phase recognition can be facilitated by inclusion
of amino acid release from CSL.

We believe that the identification and application
of enzymatic release kinetics from CSL are beneficial
to all processes that rely on this complex raw mate-
rial. They will increase the understanding of the cell
physiology and the process itself and might there-
fore be beneficial to process optimization.
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Abstract

designed to maximize productivity and en-

sure product quality. What is underesti-
mated in this context is the variability of the raw
material. Especially complex raw materials are chal-
lenging to characterize, hence, the identification of
crucial raw material attributes that influence pro-
ductivity or product quality is troublesome. In this
study metabolic flux analysis (MFA) is applied to fill
the gap between raw material characterization and
process understanding. The approach is demon-
strated in corn steep liquor (CSL) and a Penicillium
chrysogenum process. This bioprocess is already well
understood and there exist various MFA models
aiming at understanding the fungal metabolism and
production pathways. However, MFA was as per
our knowledge not used for the identification of crit-
ical raw material attributes. Hence, in this study an
MFA model was adapted from literature including
CSL related fluxes and CSL release kinetics. The ap-
plication of a sensitivity analysis with respect to qpen
and p, revealed the potential of the model based ap-
proach: we identified methionine as a key attribute
in CSL for penicillin production. As a consequence,
an optimized process could be presented by reduc-
ing CSL in the media and pulsing methionine, which
resulted in a duplication of product titer.

In summary, the expansion of an MFA model with
raw material characteristics featured by the applica-
tion of sensitivity analysis is a promising approach
for science-based decisions on crucial raw material
attributes. It could facilitate the predictive design
of complex raw materials along Quality by Design
rationales as well as model-based process improve-

B IOPHARMACEUTICAL processes should be

ment with respect to raw material attributes. Ad-
ditionally, the method allows the identification of
raw material variability and the impact of these vari-
ances on the process.

Introduction

aims for high productivity by maintaining
the predetermined product quality. In order
to guarantee product quality, regulatory guidelines
demand sound science-based process understand-
ing (Guideline 2009). This includes the knowledge
about functional relationships between critical ma-
terial attributes (CMAs) or critical process param-
eters (CPPs) and critical quality attributes (CQAs).
The mechanism between process parameters and
productivity is defined by key process parameters
(kPPs). In terms of media development and complex
raw material, also material attributes may influence
productivity, hereby called key material attributes
(kMAs). The approach devised to achieve a pro-
cess design by science-based decisions based on the
knowledge of functional relationships between in-
puts and output is called Quality by Design (QbD).
Especially for complex raw material, the QbD ap-
proach is challenging to follow (Lanan 2009). E.g.
for corn steep liquor (CSL), the identification of
CMAs or kMAs is difficult as it is a multicomponent
and multi-phase mixture delivering over 55 specific
compounds (Hofer et al. 2018). Additionally, it un-
derlies a high lot-to-lot variability due to its biolog-
ical nature and shows specific characteristics con-
cerning bioavailability during a process (Liggett and
Koffler 1948). Recently, CSL has been characterized
in detail including an investigation of the bioavail-

E VERY biopharmaceutical production process
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ability of amino acids during processes with Penicil-
lium chrysogenum (unpublished results). In this pro-
cess, CSL is mainly added as N-source making use
of the 21 amino acids that occur in bound and free
form (Pyle 1954).

The process for the production of penicillin is very
well studied. Various contributions have been pub-
lished that used metabolic flux analysis (MFA) for
understanding the fungal metabolism (Agren et al.
2013; Christensen and Nielsen 2000) and the peni-
cillin production pathway (Jorgensen et al. 1995;
Kleijn et al. 2007; Van Gulik et al. 2000). Peni-
cillin production requires an ACV peptide formed
of a-amino adipic acid, cysteine and valine, and a
precursor for the side chain addition, namely phe-
noxyacetate for the production of penicillin V. As
CSL serves as amino acid source, including all three
amino acids necessary for the ACV peptide, the us-
age of a MFA model for linking raw material qual-
ity with process performance is obvious. Model-
based methods are commonly applied in biophar-
maceutical industry for the generation and storage
of knowledge (Kroll et al. 2017). However, to the au-
thor’s knowledge no approach has been presented
so far combining complex raw material analytics
with MFA modeling.

In this study, an MFA model is adapted from lit-
erature and expanded by CSL specific characteris-
tics. This means an inclusion of all amino acid fluxes
as well as enzymatic release kinetics from CSL for
amino acid rate calculation. We show a novel ap-
proach that an MFA model can be combined with
sensitivity analysis in order to generate hypotheses
about potential kMAs. A limiting amino acid was
detected and by changing the media and process
control/conduction the product titer could be dou-
bled. Hence, by introducing a sensitivity analysis,
limitations from CSL could be identified and MFA
could be used for process improvement.

The presented approach of combining MFA and
sensitivity analysis can be the basis for a science-
based approach of raw material quality assessment
and the identification of CMAs and kMAs as de-
manded by regulatory guidelines. It is a step to-
wards QbD for complex raw materials in biophar-
maceutical production.

Materials and methods
Chemicals and reagents

All chemicals and substances were of analytical
grade and purchased from either Carl Roth (Karl-
sruhe, Germany) or Sigma Aldrich (St. Louis, MO,
USA). For analytical methods ultra-pure water was
used, derived from a Milli-Q system from Merck
Millipore (Billerica, MA, USA).

Analytical methods

Amino acids, sugars and sugar alcohols were ana-
lyzed according to Hofer et al. (2018).

Penicillin V and phenoxyacetate (Pox) were quan-
tified by HPLC. Chromatographic separation was
achieved by a Zorbax Eclipse AAA column, 4.6
x 12.5 mm, 5 pm (Agilent Technologies, Califor-
nia, USA) with an eluent composed of 28% acetoni-
trile, 0.005 M potassium dihydrogen phosphate and
0.07% phosphoric acid and a flow rate of 1.0 mL
min™. The column oven temperature was set to 30
°C and the analytes were detected at 192 nm.

Dry cell weight (CDW) was determined by cen-
trifugation of 5 mL cultivation broth at 4800 rpm, 4
°C for 10 min. The pellet was resuspended once in
deionized water and subsequently centrifuged and
the cell pellet dried at 105 °C for 72 h.

Bioreactor cultivations

All cultivations were performed with a strain of
Penicillium chrysogenum as used by Posch, Koch, et
al. (2013). Cultivations were performed in a DASGIP
multi-bioreactor system (Eppendorf AG, Germany)
with a working volume of 2 L each. The initial batch
and fed-batch volumes were 2 L and 1.5 L, respec-
tively. Each reactor was equipped with optical and
potentiometric probes (Hamilton, Switzerland) for
measuring dissolved oxygen (dO,) and pH, respec-
tively. dO, was controlled via adjustment of stirrer
speed and increase of the O, content in the inflow
air. Aeration was kept at 1 vvim. pH was controlled
via addition of 20% (w/v) KOH or 15% (v /v) H,SOy.
CO;, and O, concentrations were analyzed using an
off-gas analyzer (module DASGIP GA4) by a ZrO,
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sensor for O, and an infrared sensor for CO; analy-
sis.

The batch was carried out on a complex medium
similar to the one described by Posch, Koch, et al.
(2013). Standard batch medium included 80 g L!
CSL as single complex ingredient. During batch cul-
tivation dO, and temperature were controlled over
40% and at 25 °C, respectively. pH was not con-
trolled as the end of the batch was indicated by an
increase in pH by 0.5. Fed-batch was performed
on a defined medium (similar to Posch, Koch, et al.
(2013)), which was inoculated by 10% of the batch
broth. During fedbatch cultivation pH (6.5), dO,
(;40%) and temperature (25 °C) were controlled.
Three feeds were added to the fed-batch, namely
glucose, ammonia and a pox feed, via peristaltic
pumps (module DASGIP M8, Eppendorf AG, Ger-
many).

Metabolic flux model

For metabolic flux balancing, the well established
approach described by Goudar et al. (2014) was used
as depicted in Eq. (1):

AxT=0+¢ (5.1)

With A being the bioreaction network contain-
ing all fluxes including the exchange reactions be-
tween media and cytosol, i.e., uptake and produc-
tion fluxes, ¢ being the flux vector of all intracellular
and exchange fluxes and € being the error. Within
this approach a data reconciliation is performed, as
described by equation 16 in the same publication.
The reconciliation leads to the most probable specific
rates, taking into account redundancies and pre-
examined measurement errors. The challenge here
is the estimation of the errors on the specific rates.
For this a Monte- Carlo approach was chosen: Errors
on variables, i.e., concentrations and specific rates,
where considered to be normally distributed. Using
this assumption, a set of n = 200 states were used
to perform calculations in order to estimate the spe-
cific rates and there standard deviation. The mean
and standard deviation of this simulated set of rates
were used as inputs for metabolic flux balancing. All

calculations were done using Matlab version R2016b
(Mathworks Inc., USA).

Rate calculation

Rate calculation was performed as described in Kroll
et al. (2017).

Sensitivity analysis

For sensitivity analysis the response flux of inter-
est was treated as an unknown flux and all fluxes
were then iteratively deflected by a set increment.
The unknown fluxes were then recalculated with the
changed inputs and the sensitivity was defined as
the first order derivative, i.e., the change in output
flux divided by the deflection of the input flux. This
is equivalent to the differential analysis approach re-
viewed by Sin, Gernaey, and Lantz (2009).

Results

Adapted MFA model for the P. Chrysogenum pro-
cess for penicillin V production

There are multiple metabolic flux models available
in literature for Penicillium chrysogenum (Agren et al.
2013; Christensen and Nielsen 2000; Jorgensen et
al. 1995; Kleijn et al. 2007; Van Gulik et al. 2000).
This study focuses on the functional relationships
between complex raw material and process perfor-
mance. Hence, a model was adapted from several
literature models (Henriksen et al. 1996; Jorgensen et
al. 1995; Van Gulik et al. 2000), and further adjusted
and simplified using the Kyoto encyclopedia of
genes and genomes. The model is unsegregated and
no compartments inside the cell are taken into ac-
count. It includes glycolysis, the pentose phosphate
pathway, the TCA cycle, the mannitol cycle, oxida-
tive phosphorylation, the amino acid metabolism,
biomass formation and penicillin biosynthesis. As
CSL functions as N-source in this process, all 18
amino acids are included in the model. In total 76
fluxes are included, which are all listed in the Ap-
pendix Table A1l. Biomass was set according to Van
Gulik et al. (2000). The specific rate calculation for
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%1077

18 Figure 5.11: Net mass balances of the MFA
model of the measured components (above
l¢  the horizontal black line) and the unmeasured
components (under the horizontal black line)
over the whole process. Assuming a steady
state at every point of time in the process the
net mass balances should theoretically be zero,
{12 but actually resemble € Plot A shows the ac-
tual net mass balances for the MFA model us-

ing all measured states as input for estimating
the unknown fluxes, while plot B uses the rec-
onciled rates as input. The net mass balances
{2 could be improved by a factor of 10'* with the
reconciled values (plot B).

A Calculated Values 1074 B Reconciled Values
Ala FRTET T T e T T T 1
Arg B 15 B
Asn - 3 b b
Asp g a
CO2 B B
Cls r b b
p ] ]
Gin |- q 14 q
- : :
v E ] ]
HiX - g
e b g g
eu - g g ]
Lys g 3 B
Met - T 1
Mt - b 9
NH4 B B
=z 02 - 1 42 7 b
B Pen - q 2 q
< Phe . W | 9 3 B
E] l-}:ox m 1 ) 7
2 ro 8 1 2 g ]
Ser - &l Ser |- bl
£ Tor | ] 11 £ Tor - ,
2 5 3 2 ™ g
3 | | R S G p
s al - b ] Val 4
= X+ B = X ]
S QAAAE B 40 S QAAA B
I £ 38 1
z E ] E 50G ]
E ATP , g ATP b
5 AcOH f g ] AcOH |- 1
Z AcetylCoA 4 -1 Z AcetylCoA 8 4
Chor = W | S Chor |- B
Cit £ e Cit B
CoA CoA | | e
E4P E4P B
FoP - g ) Fop - j
G6P g GoP B
B * el *
cy R cy B
He - 8 He - B
IPN - u (e IPN F 5
Mal £ 4 3 Mal - 3
NADH B NADH p
OAA [ B OAA ;
PRPP [ PRPP [l b
Pyr B Pyr j
RSP 4 RSP ]
S04 . . . E S04 t . . . 1

21 34 51 67 21 34 51 67
Time [days] Time [days]

amino acids was adapted to the previously evalu-
ated enzymatic release kinetics from CSL. The final
model includes 51 metabolites, 76 fluxes, 21 path-
ways and 29 measured fluxes. It shows a full matrix
rank, a condition number of 160 and a degree of free-
dom of -4.

For quality assessment, the model was applied on
a standard P. chrysogenum cultivation run and bal-
ances were evaluated. The applied MFA model is
a static model that assumes a steady state at ev-
ery time point in the process. Hence, the net mass
balances for every component should be zero. The
actual values for all measured and estimated com-
ponents were evaluated and resulted in values be-
tween -4 x 10* and 5 x 10 (figure 5.11). Due to re-
dundancy and evaluation of measurement errors by
Monte Carlo simulations, data reconciliation could
be performed. Reconciliation could significantly im-
prove the net mass balances by the factor 1014 (note
the scaling in figure 5.11). It should be noted that
the balances close for sulfur related components,
whereas they show most deviations from zero for
ATP, NH,4, CO,, Acetyl-CoA and PRPP, which de-
crease over process time. Additionally, an estima-

tion of reliable measurements can be made. The data
seem to show an outlier measurement after around
48 h. The reconciled data were used for further ap-
plication of the MFA model.

Sensitivity analysis for detection of limitations

MFA models are commonly applied to get an insight
into the metabolism of the organism, e.g. to detect
energetic bottlenecks or to visualize the precursor
substances for a product. In this case, we want to
generate knowledge of the correlations between CSL
composition and fungal metabolism. Hence, we hy-
pothesize that the application of a sensitivity analy-
sis on the MFA model, i.e. arandom deflection of the
fluxes, can visualize important raw material ingre-
dients on process performance. Targets of the sen-
sitivity analysis are the specific production rate gpep,
and the growth rate p. Differential analysis was cho-
sen as sensitivity method. The fluxes for ¢pe, and p
were set to unmeasured simultaneously in order to
prevent cross correlated effects of both fluxes. All
remaining measured fluxes are randomly deflected
200 times and the fluxes for ¢p.,, and p are estimated
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by the model. Linear regression is subsequently ap-
plied to determine the sensitivity of the single fluxes
on the targets.

For the sensitivity analysis, a local approach as-
suming a linear effect was applied. Therefore the de-
flection of the specific rates was set constant on the
value of 101, Afterwards the sensitivity was calcu-
lated according to equation 5.2, where dy resembles
the change in the specific rates after deflection of the
input rates (z).

]
Sy = % (5.2)

It should be noted that the size of deflection
should be carefully chosen according to the rates
used and whether measured or reconciled flux val-
ues were used. If deflection is too high, the response
will only be dependent on each individual flux be-
cause of nonlinear effects, if the deflection is too low,
the sensitivity shows only dependency on time be-
cause of calculation limits of the used software.

In order to get an overview of the important
fluxes, the combination of MFA and sensitivity anal-
ysis was applied on a standard run of P. chrysogenum
(figure 5.12). Please note that a negative effect in
this case means that an increase in this flux increases
penicillin production, while a positive effect means
that an increase in this flux yields a lower penicillin
flux. This is due to the different signs of the response
and independent fluxes — production fluxes are pos-
itive, as uptake fluxes are by definition negative.

Existing knowledge of the process can be con-
sulted in order to evaluate the meaning of the ac-
quired results. Douma et al. (2010) established the
correlation between p and gp.,, in fungal processes,
implying that high growth rates result in low spe-
cific production rates. This correlation can also be
seen in the results of the sensitivity analysis and con-
firms our modeling results. Fluxes of substances that
are growth correlated such as ggyy, 0r ggin show op-
posite sensitivity on p and gpep.

The highest impact on specific productivity can be
observed for cystine and methionine, both fluxes in-
dicating a positive correlation with gp.,. The corre-
lation with cystine is not surprising as cysteine is one
of the three precursor amino acids of the ACV pep-

tide (Jorgensen et al. 1995). Interestingly, the effect of
the other two precursor amino acids, namely valine
and a-amino adipic acid, seems negligible. An ex-
planation for this can be seen in the metabolic fluxes.
a-amino adipic acid is not essential as it is an in-
termediate of the lysine pathway (Honlinger et al.
1988); valine can be generated from pyruvate.

The critical path in penicillin production seems to
be the availability of sulfur for the p-lactam ring.
Sulfur can be provided in three ways: by the uptake
of (i) inorganic sulfate (ii) cysteine or (iii) methionine
(Nielsen 1997). Inorganic sulfate can be taken up by
an active transport system that is feed-back inhibited
by intracellular methionine or cysteine. P. chryso-
genum also shows specific amino acid transport sys-
tems for methionine and cysteine. Upon sulfur-
starvation, the specific methionine transporter is de-
veloped, which is also feed-back inhibited by intra-
cellular sulfur or sulfur containing compounds. In
the exemplary process of this study, inorganic sul-
fate is not taken up as this approach is energeti-
cally expensive for the cell. In order to take up sul-
fate and convert it to sulfide, which is necessary for
the biosynthesis of cysteine, 4 mol NADPH and 2
mol ATP are required (see Appendix Table Al, V39).
Hence, two sulfur sources for penicillin production
remain, namely cysteine and methionine, which are
both provided by CSL in the batch phase.

In order to evaluate the impact of both critical
substances two standard Monod models were set
up and evaluated with historical datasets. The two
models hypothesize that gp., is directly correlated
with cyer OF coys, Tespectively. The model stating
methionine as the limiting substrate for penicillin
production resulted in reasonable model parame-
ters that could both be identified. It can be clearly
seen that methionine is completely consumed and
that the penicillin production decreases, if no me-
thionine is available any more. In the other case,
no reasonable model could be generated for cysteine
as the limiting substrate, probably connected to the
high measurement error of this substance and the
fact that cysteine is not completely depleted during
the process (figure 5.13).

In summary, the results of the sensitivity analy-
sis seem reasonable and indicate sulfur as the bottle-
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Figure 5.12: Results of the combination of the MFA model and sensitivity analysis. The target responses were gpe,, and m, which
were both set to unmeasured. Deflection of the other fluxes showed the effect of single rates on qpen (plot A) or m (plot B). A negative
effect (blue) in this case means that an increase in this flux will also increase penicillin production or biomass formation, respectively.
In plot A gpret and goys can be identified as the substances showing the highest potential for an increase in specific productivity. Plot
B depicts the impact of the fluxes on m. It can be seen that the sulfur fluxes that impact productivity positively, show an opposite
behavior on growth. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

neck for penicillin production. Interestingly, methio-
nine seems to be the limiting substrate according to
the MFA results combined with historical data.

Process improvement considering MFA model

The combination of the MFA model and the sensi-
tivity analysis resulted in a hypothesis of methio-
nine being the limiting substrate from CSL media.
For experimental substantiation, an experiment was
performed with the aim of reaching this limitation
at an early stage of the cultivation. Hence, the initial
CSL concentration in the batch media was set to 40 g
L1, which is half of the standard concentration. As
soon as the limitation was reached, detected by at-
line measurements of penicillin V and amino acids, a
methionine pulse was set resembling the initial me-
thionine concentration of the beginning of the fed-

batch.

In parallel, a control fed-batch was run without
pulsing methionine. As expected the initial methio-
nine concentration in the fedbatch is quite low with
240 mg L (figure 5.14A). The limitation of methion-
ine occurred after 65 h visible by a stop in penicillin
production. In the adaptation phase of the pulse
higher growth could be observed which switched to
penicillin production after around 15 h. Finally, the
penicillin concentration could be more than doubled
after the pulse (figure 5.14A). On the other hand,
the fedbatch without methionine pulse showed no
marked increase in penicillin concentration after the
limitation (figure 5.14B). Interestingly, no complete
depletion of cysteine could be observed for neither
of the two cultivations.

The analysis of the generated data with the MFA
model illustrates the effect of the pulse on physi-
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Figure 5.13: Concentrations of penicillin (green circles), methion-
ine (white triangles) and cystine (grey squares) over process time
for a standard Penicillium chrysogenum fedbatch. The penicillin
concentration decreases after 82 h which seems to be linked to
the depletion of methionine. Cystine is not completely depleted,
but penicillin production still seems to be limited. (For interpre-
tation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

ological parameters. It can be seen that the peni-
cillin/oxygen yield as well as the penicillin/ glu-
cose yield increase significantly after the methion-
ine pulse (figure 5.15). After a renewed decrease of
the methionine concentration under 50 mg L?, a de-
crease in the penicillin yields can again be observed.

A sensitivity analysis was applied for the gener-
ated data in order to analyze a theoretical shift of
important substances due to the methionine pulse.
Again the results show the highest sensitivity for
methionine and cystine (figure 5.16). Hence, al-
though only half of the CSL concentration in the
batch media was added, no other raw material in-
gredient showed critical behavior after extinction of
the methionine limitation. Methionine was pulsed
but still remains a kMA in this process meaning that
sulfur availability still seems to be the most critical
path for penicillin formation.

In summary, the hypothesis generated via the
MFA model could be experimentally substantiated.
The combination of an MFA model and a sensitivity
analysis is suitable for the detection of critical me-
dia ingredients and the evaluation of complex raw
material.

Consideration of enzymatic release from CSL

Bioavailability of amino acids in CSL and enzymatic
release kinetics during the process were evaluated
previously (unpublished results). Additionally, an
effect of consideration of release kinetics on the in-
terpretation of specific amino acid rates could be
shown. In total, 10 amino acids showed a marked re-
lease in fed-batch. Hence, the calculation of the spe-
cific amino acid rates for the MFA model was evalu-
ated with or without consideration of enzymatic re-
lease kinetics. For further sensitivity analysis no dif-
ferences between considering or neglecting release
kinetics from CSL were observed. Amino acids with
marked release from CSL over the process showed
generally low sensitivity on ¢gpe,, or m. In this very
application changes in bioavailability of substances
due to release from CSL seem negligible. Neverthe-
less, if this method is applied for different raw ma-
terials and/ or processes, the raw material peculiar-
ities such as bioavailability should be taken into ac-
count.

Discussion

ing high variability. In order to guarantee

product quality and facilitate high produc-
tivity, regulatory guidelines were established by the
International Conference on Harmonisation. With
respect to raw material, so called critical raw ma-
terial attributes (CMAs) have to be evaluated in
order to allow science-based decisions during raw
material quality assessment (Guideline 2009). The
proposed method, namely the combination of MFA
and sensitivity analysis, fulfills the requirement of
a mechanistic understanding of the functional rela-
tionships between raw material and process perfor-
mance. In this study, it has been successfully shown,
that this method can be applied for complex raw ma-
terial, namely CSL, and results in the identification
of a kMA, namely methionine. From this point there
are different ways of handling this information in or-
der to optimize the process with respect to CSL and
productivity:

B IOPROCESSES are naturally processes includ-

e The amount of CSL in the batch medium can be
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Figure 5.14: Concentrations of methionine, cystine and penicillin for the pulsed fed-batch (A) and the control run (B) over process
time. Plot A shows the concentrations before the methionine pulse (0-65 h)) and after the pulse (65-160 h). Continuous uptake of
methionine by the fungi can be observed as well as the boost in penicillin production caused by the methionine pulse. Plot B shows

the control run. Penicillin production is clearly limited by methionine.

0.04
Of\l
o
e 0.02
&
o
0
2 4 6 2 4 6
Time [days] Time [days]

Figure 5.15: Penicillin yields before and after the methionine
pulse (dashed line). For both yields an increase can be observed
after the pulse, which declines again resulting in an renewed de-
crease in methionine under 50 mg L 1at around 5.3 days.

increased.

* An additional feed (pulse or constant) can be
implemented.

e The amount of CSL can be reduced and a feed
can be implemented.

¢ A defined medium can be established.

Generally, complex raw material can cause prob-
lems in biopharmaceutical processes. They impair
analytics, may add impurities to the process that
need consideration in the up and down streaming,
and they usually underlie a high lot-to-lot variability

leading to process variability. Hence, a reduction of
the complex raw material without a boost in costs is
favored. As shown in this study, the amount of CSL
can be reduced, if an additional pulse of methionine
is added, without inducing a loss of productivity but
rather producing an increase. An additional feed of
methionine could be one solution of a raw material
related process improvement. A switch to defined
medium could be even more beneficial. However,
for this approach all other ingredients of CSL have to
be considered as well, especially trace elements and
minerals, as they are reported to have an effect on
the penicillin process (Posch, Herwig, and Spadiut
2013). The MFA model could be further used for an
experimental assessment of a defined medium.
Irrespective of the process and the raw material,
we can recommend a workflow for the assessment of
CMAs and kMAs in complex raw materials and sub-
sequent process optimization figure 5.17. The com-
position of complex raw materials is often unknown,
and so is the mechanistic understanding between
this composition and process performance. Hence,
the first step is the establishment of analytical meth-
ods that reflect the main ingredients of the raw ma-
terial, followed by its characterization including raw
material peculiarities as bioavailability or miscibil-
ity. With the knowledge of the raw material compo-
sition, an MFA model can be set up in step 3 includ-
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Figure 5.16: Combination of MFA and sensitivity analysis for the generated data including the methionine pulse after 3 days. Again
Gpen (plot A) and m (plot B) were chosen as target response; a negative effect indicates a positive effect on the target if the flux is
increased. The results did not change markedly compared to the results obtained from the standard cultivation. Hence, irrespective
of the methionine pulse and the decrease in CSL, sulfur availability still seems to be the most critical path for penicillin production.

ing raw material relevant fluxes. In order to gen-
erate hypotheses on critical raw material attributes
a sensitivity analysis is performed in step 4 extract-
ing fluxes that show a correlation with process per-
formance or product quality attributes. These hy-
potheses have to be experimentally evaluated (step
5). If they cannot be substantiated, the new gen-
erated data can be fed in the MFA model and the
workflow has to be reentered at step 3. If the exper-
iments substantiate the hypotheses, the process can
be adapted according to the gained knowledge. This
process adaptation has to be revised by reentering
the workflow at step 4 again. If the benefit of the pro-
cess adaptation is substantiated, an optimized pro-
cess with respect to raw material attributes can even-
tually be established.

Additionally to the presented workflow the com-

bination of MFA and sensitivity analysis can be used
as platform technology. Irrespective of the process,
this combination could be applied for generating
process understanding with respect to media com-
position, raw material quality or metabolic engineer-
ing.

Conclusions

BD for complex raw materials is critical

due to their multicomponent matrix. If an

in-depth characterization can be achieved,

the eSfablishment of functional relations between

raw material attributes and process performance or
product quality is challenging.

This study introduces a novel method combina-

tion of MFA and sensitivity analysis to fill the gap
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between raw material analysis and process under-
standing. The proposed method is presented with
the complex raw material CSL applied in a Penicil-
lium chrysogenum process.

An MFA model was adapted from literature
and reduced to the necessary pathways with re-
spect to CSL composition, i.e. mainly amino acid
metabolism pathways. Additionally, enzymatic re-
lease kinetics of amino acids from CSL during fed-
batch cultivation were considered in rate calcula-
tions. Sensitivity analysis was applied on the model
with respect to gpe, and p. Methionine could be
identified as kMA in CSL for this process.

This hypothesis could be experimentally substan-
tiated by achieving a doubling in penicillin titer af-
ter a methionine pulse. It could be shown that MFA
combined with sensitivity analysis is a useful tool
to generate process understanding with respect to
complex raw material. Furthermore, the method
allows the identification of raw material variability
and the impact of these variances on the process. Fi-
nally, we propose a workflow for transferring our
findings to other applications. Hence, this combina-
tion shows a huge potential for other applications,

61

Figure 5.17: Workflow for the assessment of functional rela-
tionships between raw material quality and process perfor-
mance or product quality with the goal of process improve-
ment. After establishment of analytics and characterization
of the raw material (RM) an MFA model is set up includ-
ing RM relevant fluxes. The combination of MFA and sen-
sitivity analysis generates hypotheses about functional rela-
tionships, which have to be evaluated experimentally. The
process can be adapted and after evaluation of this adapta-
tion by reentering the workflow at step 4, optimized with
respect to raw material attributes. If the hypotheses cannot
be experimentally substantiated, the workflow has to be it-
erated at step 3 with the inclusion of the generated data of
step 5.

e.g. in the field of metabolic engineering.
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Chapter 6

Conclusion

Die Zusammenhinge sind deutlich, wenn ich
auch nicht weif3, welche Zusammenhénge.

Giinter Eich

Summary

ETABOLIC flux analysis could be consid-
M ered an undervalued and underutilised
method in biotechnology. In contrast to
other mathematical methods its formalism is easily
accessible and interpretable to the biologist, and in
principle the metabolome is well understood and
textbooks and databases for a wide array of organ-
isms are widely available. Even without using real
data, it can be helpful to investigate a system of in-
terest and get a clearer picture of its implications and
how changes in inputs or model formulation impact
its predictions.
Within this thesis the following new knowledge
could be established:

* Estimates for release kinetics of bound amino
acids in corn steep liquor during penicillin fer-
mentation were determined. It was demon-
strated that release kinetics are different for dif-
ferent amino acids and that the neglect of re-
lease kinetics can lead to misleading estimates
of uptake rates.

e It could be shown that the effect of corn steep
liquor extends into the fed-batch phase as it

is not completely depleted in the batch phase.
One amino acid, valine, was even only released
from its bound pool in the fed-batch phase.

¢ By combining metabolic flux analysis with sen-
sitivity analysis we could in principle detect
changing limitations and demands during the
process. Limitations could be interpreted on a
mechanistic basis by investigating the change in
estimated internal fluxes.

¢ It could be shown that NADPH production
is limiting the yield of penicillin. By adding
sulphur containing amino acids the NADPH
demanding sulphur utilization can be circum-
vented and NADPH can be used for other es-
sential steps in penicillin production. These re-
sults are in accordance to established knowl-
edge (Van Gulik et al. 2001).

Caveats

Nonetheless, the use of metabolic flux analysis and
its role described here, should be seen as in aiding
the mostly qualitative interpretation of experimental
results and helping to generate new testable hypoth-
esis. It is in this form not suitable for other tasks,
such as process control or simulation. Such a use
would not only demand a much more elaborate set
of experiments and the determination of regulatory
and kinetic information, but also the verification and
validation of the stoichiometric model through *C-
labelling experiments. Especially the last part is to-
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CAVEATS

CHAPTER 6. CONCLUSION

date still a demanding task that is not as accessible
as classical metabolic flux balancing and can lead to
misinterpretation of data all too easily (Winden, Ver-
heijen, and Heijnen 2001).
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Chapter 7

Outlook

Nil actum credens cum quid superesset
agendum.

Nothing is done, if something is left to do.

Marcus Annaeus Lucanus

ESPITE the many advances in biotechnol-
D ogy over the last decades there is no short-

age of pressing scientific problems for the
academic and industrial community. The following
paragraphs are meant to give a short overview of re-
lated topics that might be worthy of further research
interest and might lead to the establishment of new
valuable approaches to bioprocess engineering.

Towards dynamic metabolic flux
analysis

In its essence, metabolic flux analysis assumes a sys-
tem at steady state and disregards any regulatory
mechanisms which is at odds with both conditions
encountered in the environment as in an industrial
setting. Therefore, it can not be used for simulation
which limits its application to engineering. Meth-
ods to circumvent this limitation are the combina-
tion of MFA with kinetic models (Naderi et al. 2011),
or the combination of pathway analysis with kinetic
models (Provost and Bastin 2004). While most of-
ten the extracellular rates are described by kinetic
rates in many cases intracellular reactions are the
driving force behind internal metabolism and exter-

nal uptake. Therefore Nolan and Lee (2011) used ki-
netic expressions for the intracellular rates they saw
as the central fluxes of the system. However, still
many challenges remain to be overcome to achieve
dynamic metabolic flux analysis, especially in re-
gards to 13C labelling experiments where incorpo-
ration of labelled substrates is relatively slow (Ahn
and Antoniewicz 2012). To the author’s knowledge
the use of different stoichiometric matrices for dif-
ferent process phases as a method to model shifts in
metabolism has so far not been investigated in the
literature but might be an idea worth pursuing.

Another way of achieving dynamic metabolic flux
analysis would be by potential advances in Process
Analytical Technologies. If sufficient on-line measure-
ments of rates can be made available, either by direct
measurements or through soft-sensors, one can de-
termine intracellular fluxes through MFA on-line in
real time (Goudar et al. 2006).

Beyond the (right) null space

MFA concerns itself with exploring the pseudo-
steady state, i.e., the null space that is described by
GTv = 0. However, under changing conditions in-
tracellular metabolite concentrations can be subject
to change and play a vital role in regulatory mech-
anisms. As an illustrative example Fungi can also
use their vacuoles for storage of metabolites (Veses,
Richards, and Gow 2008). In this case the pseudo-
steady state is not really violated, as the intracel-
lular concentrations of soluble metabolites do not
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CHAPTER 7. OUTLOOK

change, but models need to be able to appropriately
describe these vacuole pools. Other ways of think-
ing beyond this very small subspace of possible so-
lutions has led to the definition of metabolite pools
as the left null space of G* (Famili and Palsson 2003).
Other constraints imposed on the stoichiometric ma-
trix might similarly yield new important concepts.
An especially interesting approach that yields dy-
namic cell models that make prediction also outside
the pseudo-steady state has been termed mass ac-
tion stoichiometric simulation (Mostolizadeh, Dréager,
and Jamshidi 2019). It combines data from genomics
and metabolomics with thermodynamic and other
constraints to calculate kinetic parameters at steady
state, so that behaviour can be simulated for any
conditions.

Segregation in metabolic flux anal-
ysis

Tsuchiya, Fredrickson, and Aris (1966) have been
credited with the classification of models into struc-
tured and non-structured and segregated and non-
segregated models. While this classification is very
simplistic and leaves out many other important as-
pects, it has proven to be very useful in clearly com-
municating basic assumptions (see the figure by Bai-
ley (1998)). However, while modelers have started
using structured models in metabolic flux analysis
from an early point on, the use of segregated mod-
els is still quite rare. While the need for segregated
flux models has been acknowledged (Dauner 2010),
the author could only find one publication that uses
truly segregated flux analysis (Pardelha et al. 2013).
Even publications that already utilize segregated
models for growth fall back on non-segregated mod-
els for metabolic flux analysis (Wahl et al. 2008). The
exploration of this idea will not only demand new
mathematical methodologies but also new analyti-
cal techniques for experimental verification.

Towards mechanistic media opti-
mization

While a recent review by Singh et al. (2017) de-
scribes several modern statistical approaches to me-
dia optimization including genetic algorithms, arti-
ficial neural networks, and Nelder-Mead simplex,
no mechanistic approaches were mentioned. This
lack of mechanistic methods in media optimization
is concerning as optimal media composition can not
only vary between species and strains but even be-
tween clones of the same cell line (Pan et al. 2017).
As a consequence, better and faster methods than
currently available are needed to ensure optimal
process conditions.

Galbraith et al. (2018) propose a two step method
for future media optimization: At first, the opti-
mal media components are defined by the use of
a stoichiometric model, while in the second step
the optimal media concentrations are determined
through kinetic simulations. Progress has been
made in this direction by Robitaille, Chen, and Joli-
coeur (2015) who could show that one parametriza-
tion of such a kinetic-metabolic model was able to
predict metabolic behaviour on two different media.
Still, much work is left to be down as the method
described by Robitaille, Chen, and Jolicoeur (2015)
does not scale well and is therefore not able to ex-
plore the potentials of completely new media as pro-
posed by Galbraith et al. (2018).

Additionally, during media optimization often
only upstream processing is considered, ignoring
the effects on product purification and polishing. In
the future, a more holistic approach might become
the new paradigm, where processes are designed
and optimized in silico not seperately per each unit
operations but as a whole.

The future of penicillin production

Despite (-lactam antibiotics constituting 40 % of
the antibiotic market (Kresse, Belsey, and Rovini
2007), the high competitiveness of it has resulted in
reduced investment into new innovations in peni-
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cillin production (Luepke et al. 2017). However, as
the problem of antibiotic resistances becomes more
pressing, necessity and political pressure might lead
to an increased research interest in the near future
and the development of radically new approaches
to penicillin production.

Even though only filamentous fungi produce
penicillins naturally, through the means of synthetic
biology the pathway for its biosynthesis could be
transferred to the yeasts Ogataea (Hansenula) poly-
morpha (Gidijala et al. 2009) and Saccharomyces cere-
visiae (Awan et al. 2017). While the penicillin concen-
trations achieved are two to three orders of magni-
tude below industrial titers, they might still be an at-
tractive alternative production host. Yeasts not only
have smaller and better annotated genomes (Cairns
et al. 2019), some transformation techniques such as
homologous recombination are also more efficient in
yeasts (Wang 2007).

Another alternative to established production
would be to eliminate the need of biological pro-
ducers altogether. The first total synthesis of a
penicillin was achieved in the late 50s by Sheehan
and Henery-Logan (1959), however early hopes of
chemical synthesis on an industrial scale were dis-
appointed. Bycroft and Shute (1987) state that ”it
is likely that fermentation will remain the predom-
inant source of penicillins for the projectable future”
and have proven right so far. However, often it is
only the need for unstable and expensive cofactors
such as ATP or NAD(P) that prevents the application
of in-vitro biosynthesis. Recent alternative regen-
eration systems for oxidoreductases have emerged
with a clear vision of synthetic application (Zhang
and Hollmann 2018). Further advances in this field
might eventually lead to membrane bound enzymes
to replace microorganisms for many established bio-
processes such as penicillin production.
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